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INTRODUCTION 
DAVID MORRISON 

NASA Headquarteipe , Washington, D.C. 20S46 


The Signifiaanoe of Asteroid Saienae 

The asteroids appear to represent a largely fragmented remnant of the planetesimals 
from which the larger planetary bodies accreted In the early history of the solar system. 
Because of their small size, most of them apparently escaped the drastic thermal and chem- 
ical alteration that characterizes the planets and large satellites, such as the Moon. 

Thus, many asteroids can be expected to contain much chemically primitive material that is 
characteristic of the original condensation products of the solar nebula. Some asteroids, 
such as Vesta, have not escaped high ten^ieratures and processes of geochemical differenti- 
ation; they may help us understand the early thermal evolution of planetary material. The 
processes of condensation and accretion may also be revealed by the close study of aster- 
oids, since the repeated collisions that have fragmented most of them should provide natural 
probes of Interior structure. The dynamical families. In particular, can be expected to 
provide a range of fragments that were Initially part of a larger parent body. Therefore, 
continued study of the asteroids can be expected to yield Important and probably unique 
evidence on botn physical and chemical processes associated with the development of t.he 
planetary system from the original solar nebula. 

Our Interest In the asteroids Is further stimulated by our conviction that many, and 
perhaps most, of the meteorites are derived from asteroldal parent bodies. Detailed lab- 
oratory Investigations of these extraterrestrial materials have revealed a wealth of In- 
formation about the chemistry of the soiar nebula and, to a lesser but still very Important 
degree, about physical processes In the parent bodies. Studies of asteroids and of mete- 
orites are synergistic, with each contributing to our overall understanding of solar system 
processes and evolution. 

It Is believed that asteroldal debris has played a major role in cratering the sur- 
faces of the inner planets, so a knowledge of the history of asteroldal breakup end of the 
dynamical transport of material Into the inner solar system is vital for understanding 
planetary geology and chronology. Such impacts continue today, and the small Earth- 
approaching Apollo and Amor asteroids constitute a present population of potentially 
planet-impacting objects. It Is Important to understand the relationships of the Apollos 
and Amors to the main belt asteroids and to the comets, as well as to solve the mere gen- 
eral questions of Interplanetary dynamics needed to relate meteorites to their parent 
bodies. 

Finally, asteroids are Important as true planetary objects, to be studied as global 
entitles. Although we have no information at present on their tnorphoiogy or geology, or 
on their interior structure, we confidently expect that closer examination will reveal the 
asteroids as Individual worlds of great interest In their own right. An instructive 
example Is provided by the Viking studies of Phobos and Deimos, which Indicate that these 
objects, which are smaller than most of the asteroids that we are likely to visit with 
spacecraft, are remarkably Individual and have been subject to processes that were totally 
unanticipated before high resolution images were obtained. Particularly exciting are 
prospects for comparative studies, since the asteroids provide a unique resource of small 
planets of greatly varying size and heterogeneous chemistry. Nowhere else can we expect 
so readily to Identify the separate processes that have influenced the formation and geo- 
logic evolution of planetary bodies. 
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HirpoBe of the Workshop 

This book Is the report of an asteroid science workshop held at the University of 
Chicago on January 19-21, 1978. The workshop was sponsored by the Planetary Division of 
the NASA Office of Space Science as a means of assessing current knowledge of the aster- 
oids and developing recommendations for their continued study. 

Participants In the workshop were asked to consider the following key questions In 
preparing their papers: 

1. What are the most Important things we want to learn about asteroids? 

How do these goals relate to deeper Insights about the solar system 
and Its evolution? 

2. What are the crucial experiments needed to obtain the Information 
In (1)? How much can be done from the ground, and what requires a 
space mission? 

3. Are meteorites samples of asteroids, and if so, can meteorites be 
related to asteroids on a one-to-one basis? Can this be accom- 
plished (now or in the future) by (a) telescopic observations, or 
(b) dynamical studies? 

4. What Is the relationship between main belt asteroids and Earth- 
approaching asteroids? Would a mission to (or sample of) one 
group tell us much about the other? 

5. What type of missions (If any) will most advance our understanding 
of asteroids in the late 1980's or early 1990’s? Are multiple 
targets required? Is rendezvous necessary? Is sample return 
necessary? 

Much of the discussion centers around these points, and In the next section of this book 
answers to these questions are suggested as part of the findings of this workshop. 

The workshop had two distinct purposes, which in turn dictated Its format. First, it 
was a meeting of scientists who gathered to discuss their own research and to summarize the 
state of asteroid science as of January 1978. Approximately the first half of this book Is 
devoted to review papers and discussion of these scientific Issues, divided Into two areas: 
(1) Meteorites and Their Relationship to Asteroids; and (2) Earth-Based Observational 
Programs. Second, the workshop addressed programmatic Issues of interest to NASA, and 
these provide the topics for the second half of the book: (3) Future Exploration Options: 

and (4) Mission Capabilities. In parts 3 and 4 the participants attempt to provide guid- 
ance for future research, particularly In regard to the potential of a flight mission to 
the asteroids. 


Overvieu of the Workshop 

Each of the four sections of this book corresponds to a half-day session at the 
workshop. Each paper was assigned 20-40 minutes for presentation, with time for discussion 



included. In addition, a general discussion of pertinent issues concluded each of the four 
sessions. The speakers provided manuscripts reviewing their subjects, and In addition, the 
discussions were transcribed. The manuscripts, some of which have been revised by the 
authors after the workshop, are incorporated into this volume together with edited versions 
of the transcribed discussions. 
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The f1r5;t paper, by George Metherlll, introduces the problem of the relationship 
between the asteroids and the meteorites from the point of view of dynamics. It is clear 
that asteroidal fragments can be delivered to Earth-crossing orbits and will impact the 
Earth, but there are serious quantitative discrepancies between the observed amount of 
meteoritic material and the yield expected from these processes. Wetherill thus emphasizes 
the complexity of the interrelationships among main belt asteroids, comets, Apollo aster- 
oids, meteors, and meteorites. He suggests that most differentiated meteorites are de- 
rived from the belt, but he also favors comets as significant sources for primitive meteor- 
ites. 


Robert Clayton, in the second paper, explores the exciting new work on isotopic abun- 
dance variations among meteorites. Oxygen isotope differences are establishing genetic 
associations between meteorite classes, which in turn indicate that the parent bodies were 
formed out of pre-solar material that was not fully mixed at the time condensation occurred 
within the solar nebula. 

The physical as well as chemical properties of the meteorite parent bodies are re- 
viewed by John Wood, who concludes that many differentiated meteorites were likely formed 
in asteroidal-sized parents. Wood then explores in more detail a new and somewhat specu- 
lative model for the formation of the pallasites at the interface between an iron core and 
olivine mantle in differentiated bodies only about 10 km in diameter, which are later in- 
corporated into a second generation of larger (100 km) parent bodies. 

The final paper in the first section is by Edward Anders, who explores the relation- 
ship between stony meteorites and the asteroids in the main belt. Anders notes that the 
presence of trapped solar gas in stony meteorites requires their origin in the regoliths 
of asteroidal -type bodies, and he argues that the most plausible sources are the C (carbo- 
naceous) and S (siliceous) asteroids, in spite of the differences (discussed in the next 
section) between the spectra of S asteroids and ordinary chondrites. This problem is a 
central one for the interpretation of both astronomical observations and dynamical theory, 
and there were a number of opinions expressed by workshop participants in the discussion. 

Part Two of the book is more directly concerned with the observational data on aster- 
oids, most of which have only been acquired during the past few vears. The first paper, 
by David Morrison, briefly summarizes physical observations and then treats in more detail 
the classification scheme recently developed by a imber of the observers to describe 
asteroid surfaces. The principal classes, distinguished on the basis of a number of 
parameters involving albedo and color, are called C, S, and M--a terminology used fre- 
quc.ntly in this book. 

The CSM classification serves as the starting point for Ben Zellner's paper on the 
geography of the asteroid belt. Zellner describes how the raw data on asteroid types are 
corrected for observational biases (against dark objects, for instance) to derive the dis- 
tribution of types throughout the belt. He also discusses recent work on family members 
that indicates that dynimical families have a true physical relationship, presumably indi- 
cating common origin in the breakup of a parent asteroid. 

Tom McCord's paper deals with the interpretation of asteroid reflectance spectrophotom- 
etry in terms of mineralogical types. He gives inferred mineral assemblages for about 60 
asteroids, comparing the asteroid surface materials with the similar materials that make up 
many meteorites, but noting the absence of asteroids with spectra that match identically 
the ordinary chondrites. 

Dennis Matson next reports on infrared observations. He discusses the significance of 
reflectivity in the 1-4 urn region as an indication of surface mineralogy, and he also treats 
the thermal models used to analyze infrared observations at longer wavelengths. Matson also 
discusses Lebofsky's recent discovery of a spectral feature due to water of hydration on 
Ceres, in apparent contradiction to the mineralogy inferred for this asteroid by McCord from 
spectrophotometry. 
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A conipi*ehens1ve paper on asteroid collisions, cratering, and the evolution 
llths Is given by Clark Chapman. He reports on recent laboratory experiments . s cosipu 
modeling that predicts the development of regollths on all asteroids more tha. .1 few ten*, 
of kilometers In diameter and that allows for a wide range In the Intrinsic strength of 
asteroldal surface materials. Chapman also discusses why the high frequency of Inter- 
asteroldal collisions probably requires nearly all asteroids to be fragments of preci.:’:.ors. 

Gene Shoemaker's paper marks a shift of emphasis from the large, main belt asteroids 
to the smaller and rarer Apollo and Amor objects that pass close to the Earth. He reviews 
the origin, physical properties, and discovery history of these asteroids, which appear to 
link the main belt objects, the comets, and the meteorites. The number of these objects 
can now be estimated with reasonable confidence; the physical observations suggest that a 
wide variety of compositional types are represented among the near-Earth asteroids. 

In the general discussion that concludes this section, several interesting points are 
raised. The variety of surface mineralogies was stressed, and the expectation is that dif- 
ferences would be even more striking if asteroids could be resolved spatially. Chemical 
as well as physical evolution may be important on the surfaces of the larger objects. An 
Important question for the Earth-approaching asteroids concerns the apparent rarity of 
carbonaceous objects; Is this effect real or only apparent? 

The second half of the book is less science oriented and more speculative In nature. 

It begins with a section on future exploration options, and then In the final section deals 
specifically with Investigations that could be done from a spacecraft. 

Clark Chapman and Ben Zellner review recent observing programs and speculate on the 
role these observations will play during the next decade. They see a shift from surveys 
to more specialized, intensive studies of individual objects, but not until the soectro- 
photometrlc surveys are extended to many more objects. They also predict an Increasing 
role for radar, mid-infrared spectroscopy, and thermal studies from the IRAS satellite. 

Although Earth-based studies will remain important, there Is increasing Interest In 
spacecraft observations of asteroids. Fraser Fanale presents a detailed science rationale 
for an initial asteroid mission that Involves rendezvous or orbit with several main belt 
asteroids. This concept of a multi-asteroid rendezvous mission provides a baseline for 
much of the material In the ■ est of the book. 

Imaging studies are hign’ighted by Joe Veverka In the next paper. Using the Viking 
measurements of Phobos and Deimos as examples, he discusses the wide range of processes 
that might be revealed on asteroid surfaces by high-resolution photography from a space- 
craft. 

John Niehoff presents a comprehensive examination of the options for asteroid missions. 
Within the constraints of existing or planned launch vehicles and low-thrust propulsion 
systems, a wide variety of missions is possible. Including flyby, rendezvous, and even 
sample return. The multi-asteroid rendezvous concept requires an Ion drive low- thrust 
propulsion system of the type being developed for a comet rendezvous. Niehoff ‘s analysis 
Indicat s that there are plentiful opportunities for such missions to visit four asteroids 
with stay times of 60-90 days each and transit times between rendezvous of the order of a 
year. 

An alternative mission strategy focused on the Earth-approaching asteroids Is next 
given by Gene Shoemaker. He emphasizes the opportunities for sample return and manned 
visits, which favor the closer Apollos and Amors over the main belt objects. 

In the general discussion following these papers, there Is a wide-ranging discussion 
of the relative roles of flight missions and of Earth-based studies during the next few 
years. While a great deal n ,iins to be done from Earth, It was the consensus that major 
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advances In the 1980's will depend upon flight missions. In particular, only from a 
spacecraft will it Je possible to obtain significant spatial res''^ution and to study 
asteroids as inoividual planetary bodies. This section contains an interesting variety 
of philosophical discussions on our ability to ask the right scientific questions and to 
seek answers realistically when extrapolating from our present perspective to the radical- 
ly advanced capabilities of experiments on spacecraft. 

The final section of this book deals with investigations that might be included on 
spacecraft sent to the asteroids. Tom McCord begins with a review of optical remote sens- 
ing, particularly visible and infrared spectrophotometry and multispectral mapping. In- 
struments of this type have not yet been flown but are under development; they appear to 
offer the be^t prospect for determining mineralogy and mapping mineralogical un ,s on an 
asteroid surface. 

Jim Arnold discusses remote geochemical measurements that could be made with gamma-ray 
spectrometers and x-ray fluorescence spectrometers. These instruments have proved them- 
selves in lunar orbit, and they seem best suited to determining the elemental content of 
asteroid surfaces. 

Imaging techniques are discussed by Joe Veverka, who argues that very high resolution 
imaging proviois the best means of examining geological processes acting on asteroid sur- 
faces. Imaging also may be important for revealing how asteroids accreted and for obtain- 
ing some data on their differentiation history. Imaging from rendezvous together with 
Doppler tracking is also the only way to determine accurate densities and hence place limits 
on bulk composition. 

In the final paper, Thanasis Economou addresses the quescion of situ, rather than 
remote sensing, measurements, hard landers or penetrators could be deployed to make direct 
measurements of surface composition, providing a much more complete chemical analysis than 
can be obtained with remote sensing instruments. Such measurentents should be considered, 
even for the initial asteroid rendezvous mission. 

In the final general discussion, the main topics concern the possible roles of hard 
landers and of sample return. While these are clearly areas of great scientific interest, 
the majority favors giving highest priority for the first mission to remote sensing of a 
suostantial variety of main belt asteroids, in order to truly explore the diversity of 
these objects. 

The final session of the workshop, on the ncrning of January 21, was devoted to a 
discussion of the five key questions stated in the previous section, and to formulating 
mission-related recommendations for NASA. The section on firoings and recommendations, 
which follows, is an edited summary of that discussion, reflecting the collective view of 
the workshop participants. 

It is the hope of the organizers and participants in the Asteroid Workshop than the 
present volume will be useful to the science conmunity and to NASA alike. The review 
papers in the first half provide an overview of this discipline and may be read as an in- 
formal introduction to asteroid science in 1978. The second half represents the first 
effort to apply recent advances in spacecraft and experiment capabilities to sketch the 
outline of an asteroid exploration mission that would have broad scientific appeal and be 
relevant to important emerging problems of solar system evolution and comparative planetol- 
ogy. Finally, the discussions are included to give some flavor of the friendly give-and- 
take that characterized what most of us felt to be a very stimulating and successful 
scientific conference. 




7 





I 



preceding 


page blank not fumed- 


FINDINGS AND RECOMMENDATIONS 




Major Reeearoh Goals of Asteroid Studies 


* I The primary goals of asteroid science should be to characterize the overall population 

I of minor planets, to relate these objects to the processes of solar system formation and 

j , evolution, and to study representative examples a' global entities in order to understand 

' \ \ the processes influencing their history. Specif' illy, we desire to determine for a repre- 

; sentative sample of objects: 


.1 

• I 



I 

i 

K 


1. Composition (chemical and isotopic] 

2. Mineralogy 

3. Internal structure and, hence, evidence of accretion and differ- 
entiation history 

A. Surface morphology and evidence of geologic processes, including 
thermal events 

5. Nature of regolith and fragmentation history. 



These data must be related to a statistically representative sample of objects if we are to 
understand the broader questions of accretional history, subsequent collisions and fragmen- 
tation, and orbital evolution of the asteroid oopulation. 

As a more detailed set of questions amenable to study through research on asteroids, 
we summarize the items listed by Fanale in his "'•'er later in this report: 


1. What were physical and chemical conditions in the soi..'' system during 
planetary accretion liFe? 


a. What were the physiaal interactions among solid bodies of all 
sizes like during accretion of our planetary system? This 
includes processes of accretion, fi agmentation, and dynamic 
rearrangement. 


b. What ahemiaal fractionation processes operated during conden- 
sation/accretion to produce differences in bulk composition 
among asteroids? How are these processes related to the 
internal structure of primitive bodies? 



I 


I 

I 

I 



2. What magmatic processes operated within asteroids to produce internal 
differentiation? 


When did these processes operate and what were the energy sources 
(short-lived nuclides, solar electromagnetic interaction, etc.l? 
Why did they seemingly affect some asteroids and not others? 



What are the genetic relationships among small bodies in the solar 
system? 

Are there parental relationships among (a) var.ous orbital families 
of asteroids, (b) various spectral classes of asteroids, (c) comets, 
(d) meteorites, (e) planetary satellites, and (f) interplanetary or 
interstellar dust.' In what context does this place the information 
we have already accumulated on meteorites and what, in turn, does 
this tell us about planetesimal/planetary genesis? 
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In the following two sections we consider what are the crucial Earth-based observations 
and experiments that will contribute to answering these questions, and then the degree to 
which further progress may require a space mission. 


Sarth-BoBed InvesHgatuma 

Ground-based astronomical observations have already made substantial progress In 
defining and characterizing the broad population of asteroids, but a great deal of useful 
work remains to be done by further application of existing techniques. We expect that, 
before any space mission can be undertaken, these ground-based surveys will have effec- 
tively completed a reconnaissance of the asteroid belt. Thus, -t is appropriate for a 
first space mission to proceed directly to the exploration phase of study, as discussed 
In the following section. 

Because there are so many asteroids and they represent such a heterogeneous popula- 
tion, extensive survey work is essential. Only with such data can we expect to integrate 
the detailed data obtained for a limited number of objects (eitner from the Earth or from 
a space mission) into an appropriate context. For this reason, we would not expect an 
exploratory space mission to supplant Earth-based studies of the asteroids to the degree 
that the Mariner flights have done so for the terrestrial planets. 

The survey programs of UBV photometry, polarlmetry, reflection spectrophotometry, and 
thermal radiometry that have been carried out during the past few years have transformed 
our knowledge of the main belt asteroids. Particularly notable is the evidence o' hetero- 
geneity and the indications that most asteroid surfaces can be characterized by mineral 
assemblages similar to those of the meteorites. These surveys now include more than 30% 
of the named and numbered asteroids, and these data have been brought together in an 
accessible form in the TRIAD data file. We anticipate that studies of this kind will be 
continued, and also that more demanding techniques such as infrared spectroscopy and radar 
studies will be applied to those objects large enough to make them practical. 

There are several areas of Earth-based investigation that appear particularly valuable 
for answering high-priority questions concerning the asteroids. These are: 

1 . Slavey and Claseifiaation with Moderat‘d Speatval Resolution. 

Although UBV data have proved exceedingly useful, we note that 
substantially better characterization of asteroid mineralogy is 
obtainable with photometric systems that extend to a wavelength 
of 1.1 pm. We also note that the combination of such spectral 
data with albedos determined by either thermal radiometry or 
polarlmetry is exceedingly useful for such survey applications. 

It appears that data of this kind for of the order of 1000 aster- 
oids will be needed to clearly identify the major classes and to 
search for rare objects of unusual composition that may be the 
parent bodies of important meteorite classes. Iimiortant contri- 
butions to this survey work may also be carried out from Earth 
orbit if appropriate processing of radiometric data from IRAS or 
other infrared satellites can be done. 

2. Detailed Spectral Observations Coupled with Laboratory Studies. 

The interpretation of asteroid mineralogies has progressed greatly 
in the past five years, but fundamental questions of interpretation 
remain. One of these relates to the possible identification of 
certain S asteroids with the ordinary chondrites; another involves 
the search for the spectral signature of a truly metallic asteroid. 

Problems of space weathering and regolith formaticn need additional 
consideration. A program of detailed spectra from the ultraviolet 
to 4.0 pm for a representative sample of asteroids, together with 
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substantial support fron laboratory work and theoretical studies, 
would greatly advance our understanding of asteroid mineralogy. 

Determination of metal content may also be greatly aided by radar 
work, since a metallic asteroid Is expected to provide an anoma- 
lously large radar return. 

3. iHeoowry and Characterization of Sarth- Approaching Aateroida. The 
Earth-approaching asteroids are a crucial link between the main belt 

asteroids and the meteorites. Me need to understand the dynamics of { 

these objects and to relate tkeir physical characteristics to those 
of the better-studied and more accessible objects In the main belt. 

Our knowledge of these objects has <rc»*ea<ed greatly In recent years ' 

largely as the result of two search programs carried out at Hale 

Observatory and of efforts to acquire some physical data In the ; ^ 

brief time they are accessible after discovery. Me strongly support 1 

the continuation of these searches, and If possible their expansion j 

through acquisition of a dedicated Schmidt telescope for asteroid j 

work. It is also of great In^ortance that time on large telescopes S 

(both optical and radar) be available on sho-t notice to apply to 
these asteroids the techniques for physical observations that have 

been applied so successfully In the main belt. j 

4. Meteoritical Tnveetigationa. The Study of meteorites Is a major ^ 

branch of planetary science, and the Impressive advances being made 

In this area will surely continue independent of tho fate of aster- 
oid research. We will not presume in this report to comment on j 

meteoritical research, other than to note that the connection be- 
tween asteroids and meteorites Is a close one, and that advances * 

in either area should contribute to understanding the other. i 


Space ffiasions j 

The underlying motivation for asteroid missions lies In the eventual need to investi- • • 

gate individual bodies on a detailed scale. General and specific questions are suggested 
by studies of meteorites, by Earth-based observations of asteroids, by theoretical modeling ) • 

of asteroids and protoplanets and by experience with studies of other planetary bodies. | ' 

The demand for such detail stems fiori the difficult problem of unraveling accretional and ; , 

fractionation histories and the need to gain further insight into evolutionary processes * 

by comparative studies. Object specific information on surface morphology, composition, | 

mean density, and internal structure, necessary to advance our understanding of these his- ; 

tories, will require space missions to individual targets. Even If there were no presump- | i 

tive connection between asteroids and meteorites, such studies would eventually be required , 

to understand the role that the asteroids have played in the evolution of the planetary ! 

system. i 

Among the investigations to be accomplished by space missions are high resolution 
spectral and spatial mapping of the surface, global and reoional determination of internal 
structure, in aiiu verification of remote sensing measurements, characterization of the 
solar wind interaction, and return of samples for extended Earth-based study. In addition 
to greatly enhancing the fineness to which conparative studies can be extended, the syner- 
gistic combination of these data is required to explore specific asteroids as global en- 
tities. be they either relatively intact planetesimals or fragments of some earlier colli- 
sion process. 

It is our consensus, therefore, that space missions to as.’roids will be required to , ' 

continue the progress in our understanding of these bodies as they relate to the total 
formation and evolution of the solar system. As Indicated In the previous section, we ' 

feel that the current program of Earth-based observations is formulating a base of asteroid 
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Infonnatlon comparable to reconnaissance mission capabilities. Hence, In order to justify 
their cost. Initial asteroid-dedicated missions should be capable of an exploration level 
at least comparable to planetary orbiters, with long stay times and the ability to survey 
entire surfaces. In the case of the larger asteroids, an orbiter Is In fact an appropriate 
approach, but for uLjects with low surface gravity, simple station-keeping with some maneuver 
capability Is suffic’_*nt. For simplicity, we will refer to both of these modes as 
rendezvous missions. 

An essential characteristic of the asteroids Is their variety. In order to accomplish 
the scientific goals of a mission, it will be necessary to visit several objects. While 
this could In principle be accomplished with many separate launches. It seems most cost- 
effective for each launch to visit as many objects. In succession, as performance limits 
permit. Consequently, we conclude that multi-asteroid rendezvous is the recommended con- 
cept for an early asteroid mission. Low-thrust ion drive propulsion provides the capabil- 
ity for this mission concept. 

The timing for a first asteroid mission is closely tied to progress In Earth-based ob- 
servations. Seven years ago, at the time of the Tucson asteroid conference, it seemed to 
many of us that a mission was premature. Since then photometric surveys have examined about 
600 asteroids, and reasonably detailed spectra have been obtained for more than 300. We 
believe that Earth-based studies of this type are crucial for understanding the asteroids 
and for Intelligent planning of a mission. But this field Is rapidly reaching maturity, 
and it is anticipated that within another five years we may reach a point of diminishing re- 
turns In ground-based studies. Thus, It is our assessment that preliminary planning could 
begin now for a multi -rendezvous asteroid mission for initiation in the early-to-mid 1980's. 

We have extended these conclusions to a preliminary consideration of targets and can- 
didate experiments. Each of these areas is discussed below. 

The main criteria for targeting relate to investigating a sufficient variety of objects 
to carry out the broad comparative goals of asteroid exploration. In addition, we feel 
that efforts should be made to study Internal structure by visiting several dynamically 
related objects that appear to be products of the breakup of a single parent body. We do 
not recommend specifically seeking to identify meteorite parent bodies; rather, we may 
learn more by visiting asteroids that are not represented in our meteorite collections. 

It is understood that practical mission considerations will greatly constrain the actual 
objects that can be targeted in a single mission, but it also seems clear that there are 
enough potentially exciting targets that a great many suitable missions can be designed, 
depending on launch date and the capability of the low-thrust propulsion system. Some 
examples of asteroids or classes of asteroids considered as suitable targets follow: 

1. Ceres (largest, presumably unfractured, relatively primitive but 
probably experienced some thermal evolution, may have bound H 2 O 
on surface, may resemble original planetesimals). 

2. Vesta (third largest, presumably unfractured, differentiated and 
thermally evolved, may be typical of original parent bodies of 
differentiated meteorites, may hold important clues to lunar 
evolution). 

3. Two or more members of a Hirayama family (to examine fragments of 
fractured parent body for data on Internal structure and accretion 
history). 

4. A small very dark C type (to examine primitive material. Investi- 
gate accretion history). 

5. Typical members of compositional classes, e.g. ■> an S, f» metallic 
surface, an enstatite chonrirlte surface (to trace varied differ- 
entiation and thermal evolution, study geologic processes on a 
variety of compositions). 
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6. An Apollo or Amor (key link between main belt and meteorites, 
possible dead comet nucleus). 

7. A Trojan (unique types, possibly different initial conditions 
and evolution from main belt). 

We stress that these are only examples to Illustrate the range of comparative inves- 
tigations to be carried out. Undoubtedly, continuing observations and Interpretations will 
modify and refine this list before an actual mission commitment is made. 

The only priority on such targets we could agree upon was that main belt asteroids are 
more Important for an early mission than either near-Earth objects or the Trojans. The 
compositional variety, difference in size, and large number of main belt objects collec- 
tively argue in their favor as prime targets for an early multi -asteroid rendezvous mission. 
The possible additions of a near-Earth asteroid flyby or rendezvous, or of a Trojan in the 
context of an extended mission objective was supported, provided that main belt objectives 
could be satisfactorily maintained. Examples of such additions will have to be generated 
along with more main belt mul ti- rendezvous mission cases to evaluate their impact. 

Candidate experiments for potential payloads on an early multi -rendezvous mission were 
also discussed. In general, the emphasis was upon proven designs that have either already 
flown or have been proposed for other remote-sensing missions such as Lunar Polar Orbiter. 
Some proven field and particle detectors were also desired. A typical payload might in- 
clude the following (the order is not significant): 

1. Imaging (multifilter, probably CCD) 

2. Reflectance Spectres*. py/Hulti spectral Mapping (visible to 5 um) 

3. X-Ray Spectroscopy 

4. y-Ray Spectroscopy 

5. Altimetry (e..?., radar) 

6. Gravimetry {a.g., by Doppler tracKing) 

7. Micrometeori te Detector 

8. Magnetometer 

9. Plasma Particle Detector 

10. EnergeLic Particle Detector (low/medium energy). 

In addition, the workshop considered a rough lander or penetrator as an additional 
mission capability. One role for such landers would be to obtain unique data on elemental 
chemistry by implanting an a, proton-scatterino experiment. Another would be to acquire 
extremely high resolution imaging and measurement of bulk surface properties in support of 
an eventual sample return mission. Another alternative would be to implant several seis- 
mometers on a single asteroid and to stimulate them witi' active charges to investigate in- 
ternal structure. The uncertainty in the required mass commitment to conduct such an 
active seismic experiment made it difficult to assess its value compared to deploying 
single rough landers at each target. The even more fundamental trade between numbers of 
landers included versus reduction in total number of targets could not be adequately dis- 
cussed for lack of mission performance data. Hence, the “ole of sn situ experiments in an 
early mul ti- rendezvous asteroid mission is left unresolved, pending improved definition of 
experiment capabilities and mission performance trade data. 

We recognize the eventual importance and potential contribution c.f sample return mis- 
sions to jsteroid exploration, however, we recommend that the exact role and timing of 
sample return be judged after the results of prerequisite rendezvous missions are available. 
Nonetheless, the design and planning of an early multi -rendezvous mission should, in turn, 
consider those objectives which would measurably add to the relevant planning of a possible 
follow-on sample return mission. 
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Meteorites are fragments of small solar system bodies (comets, 
asteroids and Apollo objects). Therefore they may be expected 
to provide valuable information regarding these bodies. How- 
ever, the identification of particular classes of meteorites 
with particular small bodies or classes of small bodies is at 
present uncertain. It is very unlikely that any significant 
quantity of meiteoritic material is obtained from typical ac- 
tive comets. Relatively well-studied dynamical mechanisms 
exist for transferring material into the vicinity of the Earth 
from the inner edge of the asteroid belt on an -v-lO®"^ year time 
scale. It seems likely that most iron meteorites are obtained 
in this way, and a significant yield of complementary differen- 
tiated meteoritic silicate material may be expected to accom- 
pany these differentiated iron meteorites. Insofar as data 
exist, photometric measurements support an association between 
Apollo objects and chondritic meteorites. Because Apollo ob- 
jects are in orbits which come close to the Earth, and also 
must be fragmented as they traverse the asteroid belt near 
aphelion, there also must be a component of the meteorite flux 
derived from Apollo objects. Dynamical arguments favor the 
hypothesis that most Apollo objects are devolatilized comet 
resiaues. However, plausible dynamical , petrographic, and 
cosmogonical reasons are known which argue against the simple 
conclusion of this syllogism, oiz., that chondrites are of 
cometary origin. Suggestions are given for future theoretical, 
observational, experimental investigations directed toward 
improving our understanding of this puzzling situation. 


INTRODUCTION 

The Earth, Moon, and terrestrial planets are impacted by solid interplanetary bodies 
ranging in mass from 'olO"'^ g to 10^^ g. The total mass flux is '\-100 g/km^/yr, of which 
■vl g is in the mass range from 100 to 10^ g. About 10% of the material [meteo-poids) in 
this mass range survives entry and passage through the atmosphere. Of this 10%, M).l% is 
collected from the Earth's surface and constitutes the collections of meteorites housed in 
museums. 

Petrological and trace element investigations are interpreted as implying that prior 
to the recent onset of their cosmic ray exposure, meteorites were in the interior of bodies 
ranging from 10 to 500 km in diameter. The chemical and mineralogical differences between 
the various classes of meteorites are principally a consequence of differences in the com- 
position of these parent bodies. 

The identification of the parent bodies among various small bodies of the solar system 
is not definitive at present. Candidate objects include comets, asteroids, the Apollo-Amor 
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objects with perihelia near Earth's orbit, and possibly undiscovered classes of bodies as 
suggested by the recently discovered Saturn and Uranus-crossing object, Chiron (1977UB). 
Discussion of evidence for and against the association of particular meteoritic classes 
with these various candidate objects is the principal topic of this review. 

Progress toward more positive identification is essential if we are to make full use 
of the abundant data relevant to the pre-history, the origin, and the history of the solar 
system being obtained from laboratory studies of meteorites. Only in this way will it be 
possible to place these small samples of solar system matter in their appropriate geolog- 
ical and astronomical context. Achieving this goal will require a significant and continu- 
ing program of interactive laboratory, observational, and theoretical Investigations, and 
is a major argument in support of space missions to these bodies. 

Meteorites are of varied chemical and mineralogical confiosition, and there is no par- 
ticular reason why all of them should be derived from the same type of parent body. They 
can be divided fairly well into two classes: the undifferentiated and the differentiated 

meteorites. Undifferentiated meteorites are also tenred chondrites, because they usually 
contain small (0.1 to 1 mm diameter) spherules called chondrulea, which are primarily of 
silicate composition. In the undifferentiated meteorites the relative abundances of the 
refractory elements {e.g. , Mg, Fe, Si, , etc.) to one another are very similar to those 
found in the Sun and in averaged solar system material. The more volatile elements are 
systematically depleted (Ganapathy and Anders, 1974). These volatile elements are least 
depleted in the carbonaceous chondrites in which the S/Si ratio is neirly the same as in 
the Sun, and even more volatile elements such as C and N are depleted by only a factor of 
•V.10. Greater depletions of volatiles are found in the most abundant classes of chondrites, 
the ordinary chondrites. The differentiated meteorites have been even more chemically frac- 
tionated relative to average solar system composition. They include objects consisting 
nearly entirely of nickel-iron, silicate objects which appear to have formed by partial 
melting processes similar to those which form terrestrial and lunar basalts, silicate ob- 
jects intruded by veins of nickel-iron, and various other mineralogical assemblages {cf., 
Masson, 1974). 

Identification of appropriate parent bodies for meteorites of these various classes 
requires a plausible correspondence between the chemical, mineralogical, and physical nature 
of the parent body and the meteorite, and cannot be accomplished entirely on the basis of 
dynamical arguments. The characteristics of possible parent bodies are briefly discussed 
in the following section. 


CANDIDATE SOURCES OF METEORITES 

It is conventional to distinguish between comets and asteroids on the operational basis 
of whether or not they possess a visible coma. Although this definition may sometimes be 
useful, it also ignores the most important point at issue, namely the ultimaU origin of the 
large and small bodies in the solar system. This discussion will therefore make use of a 
genetic classification, wherein an object, however gas-free, which was derived from a more 
typical volatile- rich comet, is considered to be cometary. 

Typical comets are small (-v-l to 10 km) objects containing more or less equal quantities 
of volatile compounds of H, C, N, and 0 and more refractory compounds, e.g., silicates and 
metal. The success of the "dirty snowball" model of a comet (Whipple, 1950) has probably 
accidentally led to a misconception in the minds of some workers, particularly those in re- 
lated fields of study. This is that comets are principally composed of ice, and can be 
visualized more or less as a glacier or snowbank. In fact, the material emitted by a comet 
contains as much dirt as snow (Oelsemme, 1977). Furthermore, only the smaller nonvolatile 
particles can be "blown off" with the volatiles, and presence of larger bodies {e.g., 

<u25 cm) in comets cause the fraction of ice to be even smaller. As the ice is volatilized, 
the fraction of rocky material will increase and will tend to accumulate as residual material. 





Fireball studies show that the more massive nonvolatile cometary material Is abundant and 
this conclusion Is strengthened by the evidence for nearly-extinct and extinct cometary 
nuclei. Thus at least half, and possibly 90% of even an active comet may be nonvolatile 
dust and rocky matter. It Is possible that a ccxnet may be more like a breccia than an Ice- 
berg, and that pieces of Ice may be clasts In this breccia, as a consequence of H 2 O and CO 2 
being as solid as anything else at the low ten^eratures which prevailed In the region in 
which comets were formed. At present, most Und probably all) comets are derived from the 
outermost regions of the solar system, the Oort cloud at a distance of 10**-105 AU (0.1 to 
1 light-year) (Marsden, 1977). They become observable only when they are gravitationally 
perturbed by passing stars Into the Inner solar system. The volatilization of their H, C, 

N and 0 compounds produces a aoma ^.10** km In diameter, and an Ionized tail (up to 'vlO'^ km 
in length), which renders the comet visible. 

Comets are definitely associated with much of the interplanetary flux of bodies impact- 
ing the Earth, including those in the mass range (100 to lO’ g) under discussion. This has 
been established by photographic studies of the orbits of these bodies as they enter the 
atmosphere (Ceplecha and McCrosky, 1976), and comparison of these orbits with those of known 
comets. Positive identification with particular comets is possible in many cases. In many 
additional cases similarity of both orbits and physical properties (as indicated by their 
ablation or fragmentation in the atmosphere), to objects associated with known comets denx)n- 
strates their cometary association. However, only three meteorite falls (the undifferenti- 
ated ordinary chondrites Pribram, Lost City and Innisfree) are contained among these photo- 
graphic meteoroids. As will be discussed further subsequently, their orbits and physical 
properties, although well -determined, do not define at all well whether or not they are also 
of cometary origin. 

Asteroids are bodies ranging up to 1000 km in diameter which are almost entirely con- 
fined to the wide region between Mars and Jupiter. They exhibit no coma of volatile com- 
pounds, and most likely consist of mixtures of silicates and metal. Spectrophotometric 
studies (Chapman, 1976) are interpreted as indicating that different asteroids are of dif- 
ferent composition. They primarily fall Into two classes: the most abundant C type, 

presumably containing an admixture of carbonaceous composition, and the S type, probably 
mixtures of silicates and metal. Unlike the comets, direct association of photographic 
meteoroids with an asteroidal source is not possible, as the orbits of asteroids do not 
intersect the orbit of the Earth. However, there are mechanisms by which the orbits of 
asteroidal bodies can evolve into Earth-intersecting orbits. These will be discussed in 
the following section. 

Apollo-Amor objects are small bodies (typically a-I km diameter, but ranging up to 
■v30 km) with perihelia less than a rather arbitrary value of 1.3 AU, and usually with aph- 
elion in the asteroid belt. These orbits are dynamically unstable on the time scale of the 
solar system, and like the meteorites they must be derived from sources elsewhere in the 
solar system, which probably include both comets and asteroids (Anders and Arnold, 1965; 
Metherill, 1976). Their Earth-crossing or near Earth-crossing nature identifies them as 
prime candidate meteoroid and meteorite sources (Anders, 1964; Levin et al., 1976; Wetherill, 
1976). However, up to the present no clear-cut orbital identifications have been made, 
although tentative identification of a few Apollos with known small meteoroid streams has 
been proposed (Sekanina, 1973). Physical n«asurements show that all but one (1580 Betulia) 
of the Apollo-Amor objects studied using these techniques resemble the S-type asteroids more 
than they do the C-type (McCord, 1978). These statistics are certainly biased in favor of 
the higher albedo S-type objects. In any case, it is of interest to note that they are not 
all of the same composition, and this range of compositions includes high albedo, silicate 
objects resembling differentiated and undifferentiated silicate meteorites. 

It is hard to rule out the possibility that more than a negligible fraction of the 
meteo-oid flux is derived from unknown classes of objects, as small, nonvolatile objects 
are very difficult to observe telescopically. The recent discovery of Chiron is evidence 
that we have not yet learned even all the more qualitative facts concerning the distribution 
of small bodies in the solar system. It is possible that there are small bodies stably 
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stored In inner solar system orbits {af., Weissman and Uetherill, 1973), possibly in reso- 
nances, which resemble those in which 1685 Toro is currently trapped (Danielsson and Ip, 
1972; Williams and Wetherill, 1973) but which, unlike Toro, are not destabilized by Mars' 
perturbations. Even an interstellar contribution cannot be entirely ruled out, although 
orbits of photographic meteors show their proportions must be very small (iO.1%). 

During the last century opinion has shifted to and fro regarding with which of these 
classes of candidate bodies one should associate meteorites. Until the last decade or two, 
the prevailing opinion was primarily determined by stochastic fluctuations arising from the 
small number of "experts," rather than from an abundance of relevant data. However, during 
the last few years there has been a great increase in the quantity of experimental, observa 
tional, and theoretical data concerning meteorites, meteors, and their candidate sources. 

In spite of this, serious problems of identification of Earth-impacting bodies with their 
solar system sources remain. 

It might be thought that the gross difference between typical cometary and asteroidal 
orbits would make it relatively easy to distinguish between cometary and asteroidal sources 
once the orbits of meteorites are known. This is not the case. In order for asteroidal 
material to impact the Earth as a meteorite, it is necessary that it be placed into a more 
eccentric orbit with perihelion within the orbit of the Earth. On the other hand, comets 
or cometary residua will have short dynamical lifetimes in the inner solar system unless 
their orbits evolve into orbits with aphelia inside Jupiter's orbit, i.e., become similar 
to the orbit of Encke's comet (aphelion = 4.1 AU). Thus asteroidal and cometary meteorites 
will have similar orbits, with Earth-crossing perihelia and aphelia in the asteroid belt. 
The distinction will be further blurred as a consequence of perturbations by Earth and 
Venus which will tend to "equilibrate" the distribution of Earth- crossing orbits. It is 
known from radiant and time-of-fall statistics (Wetherill, 1971) that at least ordinary 
chondritic meteorites must evolve from initial Earth-crossing orbits with perihelia near 
Earth and aphelia near Jupiter. Both asteroidal and cometary sources can have this general 
characteristic. However, more subtle differences exist which in the future may be helpful 
in identification of candidate sources. 


DYNAMICAL ARGUMENTS FOR AND AGAINST PARTICULAR IDENTIFICATIONS, 
CONSIDERED IN THE LIGHT OF OTHER EVIDENCE 


Asteroids 

Purely dyncmrical aonsiderationa. Asteroids are strong prima facie candidates because 
it is known that collisions among the asteroids must provide a quantity of small debris 
{10*3 -iq 15 g annually) which would be mo.e than adequate to supply the present flux of 
Earth- impacting matter, provided that there exist mechanisms able to place a sufficient 
fraction (-clO"") of this material into Earth-crossing orbits on the short time scale 
(<clO® yr) defined by the cosmic-ray exposure history of meteorites. It is also necessary 
that the shock damage associated with this transfer mechanism usually be limited to that 
associated with low shock pressures (10-100 Kb). 

Difficulties in finding such mechanisms have been a problem in the past. Suitable 
mechanisms must be primarily gravitational in nature, as collisional shock associated with 
more than small (s.l AU) changes in semimajor axis is probably excessive. Gravitational 
perturbations of Mars-crossing and Mars-grazing asteroidal fragments by Mars have been sug- 
gested as such a gravitational mechanism (Arnold, 1965; Anders, 1964) but until recently it 
appeared tlut, except for iron meteorites, this mechani n required transit times too long 
to be reconciled with cosmic-ray exposure histories. 

Production of relatively low velocity (i200 m/sec) fragments in proximity to various 
regions in the asteroid belt in which the motion of fragments is in resonance with the mo- 
tion of the giant planets has now been semi -quantitatively shown to be an adequate source. 
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Fairly large (MOO m) fragments will be produced by collisions In the vicinity of the 
Kirkwood 2:1 gaps at 3.28 AU, In which the orbital period is commensurable with the period 
of Jupiter. The resulting resonant motion will at times cause these fragments to be in 
highly eccentric orbits with aphella beyond 4 AU and perihelia ^,2 AU. These orbits will be 
stabilized by llbratlonal relationships which preclude close encounters to Jupiter. How- 
ever, statistically probable collisions of these *^100 m bodies with smaller asteroldal 
debris will produce low-velocity meteorite-size fragments which will escape the llbration 
region and undergo strong perturbations by Jupiter near their aphelion, which can cause 
their perihelion to random walk Into Earth-crossing on a short (-'<10® yr) time scale, and 
hence become meteorites when they impact the Earth (Zimmerman and Wetherlll, 1973). This 
chain of events has been criticized on the grounds that requiring two collisions, close 
approaches to Jupiter, etc., renders it too complex and by inference ad hoc to be taken 
seriously. Such reasoning Is fallacious, as there Is no reason to suppose that nature 
provides meteorites to Earth by mechanisms which are simple for us to describe to one an- 
other In preference to those which are probable. The mechanisms described are real phenom- 
ena of significant and estimable probability which cannot fall to occur. 

The principal problem is a quantitative one, as best estimates of the meteorite yield 
on Earth from this source are 10-10® g per year, and this estimate Is uncertain by at 
least an additional order of magnitude. Thus It Is not clear If a major or only a minor 
part of the Earth’s meteorites are produced in this way. Scholl and Froeschl^ (1977) have 
presented evidence ♦'lat the mechanism described above may be more effective for the 5:2 
Kirkwood gap than for the 2:1 case. Large asteroids In proximity to these Kirkwood gaps 
are listed In Tables 1 and 2. 

Table 1. Large Asteroids with Semimajor Axis 

within 0.1 AU of 2:1 Kirkwood Gap (3.28 AU) 


Asteroid 

a 

e 

1 

8(1,0) 

Class 

Diameter 

(km) 

106 Dione 

3.17 

.18 

5 

8.8 

C 

139 

511 Oavida 

3.18 

.18 

16 

7.4 

C 

323 

154 Bertha 

3.18 

.10 

21 

8.5 

C 

191 

92 Undina 

3.19 

.07 

10 

7.9 

C 

244 

702 Alauda 

3.19 

.03 

21 

8.3 

C 

205 

758 Mancunia 

3.20 

.13 

6 

9.6 

C 

119 

175 Andromache 

3.21 

.20 

3 

9.6 

C 

113 

530 Turandot 

3.21 

.20 

8 

10.3 

C 

81 

381 Myrrha 

3.21 

.12 

13 

9.7 

C 

126 

108 Hecuba 

3.22 

.09 

4 

9.7 

s 

61 

122 Gerda 

3.22 

.06 

2 

9.2 

c 

139 

895 Hello 

3.22 

.14 

26 

9.5 

7 


745 Mauri tia 

3.24 

.07 

14 

11.0 

7 


903 Neal ley 

3.24 

.05 

12 

10.9 

7 


Classifications 

and diameters from Morrison (1977) and Zellner 

and 

Bowell (1977), Bowell eta 

1., (1978), and 

Bowell (private communication. 

1978). Absolute magnitudes from Gehrels 

and Gijhreis (1978). 



Williams (1973) showed that collision fragments produced at low velocity In the vicin- 
ity of certain secular resonant surfaces In (a,e,1) space (Williams, 1969, 1971) can be 
perturbed directly Into Earth-crossing on the necessary short time scale. Again, the quan- 
titative yield Is difficult to estimate with certainty. 
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Table 2. Large Asteroids with Semlmajor Axis 
within 0.1 AU of 5:2 Kirkwood Gap (2.82 AU) 


Asteroid 

a 

e 

1 

8(1.0) 

Cl6 ; 

Diamece- 

(km) 

146 Lucina 

2.72 

.07 

13 

9.2 

C 

141 

45 Eugenia 

2.72 

.08 

7 

8.3 

C 

226 

410 Chlorls 

2.72 

.24 

11 

9.5 

C 

134 

156 Xanthippe 

2.73 

.23 

10 

9.8 

C 

104 

140 Siwa 

2.73 

.21 

3 

9.6 

C 

103 

110 Lydia 

2.73 

.08 

6 

8.7 

•* 

170 

200 Dynamene 

2.74 

.13 

7 

9.5 

C 

123 

185 Eunike 

2.74 

.13 

23 

8.7 

c 

169 

247 Eukrate 

2.74 

.24 

25 

9.3 

c 

142 

387 Acquitania 

2.74 

.24 

18 

8.4 

s 

112 

173 Ino 

2.74 

.21 

14 

9.1 

c 

142 

308 Polyxo 

2.75 

.04 

4 

9.3 

u 

138 

128 Nemesis 

2.75 

.12 

6 

8.8 

c 

164 

71 Niobe 

2.76 

.17 

23 

8.3 

s 

115 

93 Minerva 

2.76 

.14 

9 

8.7 

c 

168 

356 Liguria 

2.76 

.24 

8 

9.3 

c 

150 

41 Daphne 

2.76 

.27 

16 

8.1 

c 

204 

1 Ceres 

2.77 

.07 

11 

4.5 

c 

1003 

88 Thisbe 

2.77 

.17 

5 

8.1 

c 

210 

39 Laetitia 

2.77 

.11 

10 

7.4 

s 

163 

2 Pallas 

2.77 

.23 

35 

5.2 

u 

608 

148 Gallia 

2.77 

.19 

25 

8.5 

s 

106 

532 Hercullna 

2.77 

.17 

16 

8.0 

s 

150 

393 Lampetia 

2.77 

.33 

15 

9.2 

c 

129 

28 Bel Iona 

2.78 

.15 

9 

8.2 

s 

126 

68 Leto 

2.78 

.18 

8 

8.2 

s 

126 

139 Juewa 

2.78 

.17 

11 

9.2 

c 

163 

446 Aeternitas 

2.79 

.07 

11 

10.2 

0 

40 

216 Kleopatra 

2.79 

.25 

13 

8.1 

M 

128 

354 Eleonora 

2.80 

.12 

18 

7.5 

s 

153 

346 Hermentarla 

2.80 

.10 

9 

8.9 

s 

84 

236 Honorla 

2.80 

.19 

8 

9.5 

s 

65 

441 Bathllde 

2.81 

.08 

8 

9.5 

M 

66 

804 Hispania 

2.84 

.14 

15 

8.9 

c 

141 

385 Ilmatar 

2.85 

.13 

14 

8.8 

7 

7 

81 Terpsichore 

2.85 

.21 

8 

9.6 

c 

ii2 

129 Antigone 

2.87 

.21 

12 

7.9 

M 

115 

47 Aglaja 

2.88 

.14 

5 

9.2 

r 

158 

471 Papagena 

2.89 

.24 

15 

7.9 

s 

143 

386 Slegena 

2.90 

.17 

20 

8 4 

c 

191 

238 Hypatia 

2.91 

.09 

12 

9.d 

c 

154 

22 Kail lope 

2.91 

.10 

14 

7.3 

M 

177 

16 Psvche 

2.92 

.13 

3 

6.9 

M 

250 

674 Rachel e 

2.92 

.20 

14 

8.5 

S 

102 

349 Dembowskd 

2.92 

.09 

8 

7.2 

0 

144 

Data from same so> "ces as 

Table 1 
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Wetherlll (1974, 1977) and Wetherlll and Williams (1977) have proposed a “synergistic" 
mechanism by which the nonlinear Interaction of secular resonance and Mars' perturbations 
can perturb a rather large yield ('.10'° g/yr) of meteorite- size asteroldal fragments into 
Earth-crossing. The typical time required for this material to impact the Earth is 
<v5 * 10° years, but a significant fraction (-vlX) can Impact within 50 million years. The 
mechanism Is proposed as the most probable source of Iron meteorites, and of some minor 
portion of the silicate meteorites, e.g., the differentiated basaltic acliondrites. The 
asteroids which supply this material are those with semimajor axis -v2,25 AIJ, low Inclina- 
tions, and with eccentricities which permit the parent objects to coim* within -v. 05 to .1 AU 
of Mars' aphelion for favorable combinations of the long-period "seculnr" variations in the 
orbits of both the asteroids and Mars (Figure 1). Most of these asteroid: are S type, 
which have been suggested to be most likely of "mesosi derite" (mixed iron and basc'ltic 
silicate) composition. The massive nickel-iron meteorites must come from sciicwhe»e, and the 


combination of appropriate calculated exposure age, yield, and plausib’ 'im-ica'i coi^osi- 
tlon argues strongly in support of this being the most likely place. r, this identi- 

fication also reduces somewhat the plausibility of obtaining the most ■ it classes of 
chondrites from this source, as this identification of S asteroids witn ‘tic silicates 
argues against their being also of undifferentiated chondritic composit.. liowever, the 
largest object of this group (313 Chaldaea, 160 km diameter) is of carbonaceous composition 
(Chapman, 1977, private communication) and may be expected to produce a small quantity of 
carbonaceous meteorites, constrained by the association of small yields with short transit 
times for this source. 


LARGER ASTEROIDS NEAR SECULAR 
RESONANCE ( AFTER WILLIAMS 
. . ® 1969) 
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Fig. 1. Observed distribution of large asteroids in the inner 
portion of the asteroid belt and in the vicinity of the \>s 
resonance. The large open "circles" approximately define the 
limits of the Hungaria, Flora, Phocaea, and Pallas regions of 
the asteroid belt. 
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Heaognition of the evidence for meteorites being aateroidil regoliths. A small but 
significant fraction of silicate meteorites of all classes are rich in inert gases si.’lar 
in chemical and isotopic composition to the solar wind, contain solar flare coimic-rav 
charged particle tracks, in some cases grains exhibiting mi croc raters, and giassy aggluti- 
nates. All of these meteorites are highly brecciated, and the combination of these features 
strongly suggests an origin similar to that of the lunar rego ith (kajan, 1974). Anders 
(1975) has carried this argument fu-ther and has used the ratio of implanted solar wind and 
galactic cosmic-r.iy exposure to inter the helic entric distance at wh^-.h this regolithic 
material was produced. This distance turns out to be 4 to 8 All, but is model -dependent in 
a number of ways. Rajan et al. (1978). and Schultze and Signer (1977) have identified 
breccia clasts within both chondritic and differentiated gas-rich meteorites whitn have 
radiogenic argon ages markedly younger than the more typical ^4.5 billion year age of other 
clasts from the same breccia. From this it is plausibly inferred that the breccia was 
assembled subsequent to the younger of these ages, which in me case is as recent as 
1350 mi 1 1 ion years. 

In addition. Turner (1969), Turner and Cadogan (1973), and Boga^d et .j/,. (1976) have 
interpreted disturbed radiometric age patterns in relative!-, highly s^^ocked meteorites as 
indicating that their parent body was involved in a maj„r imr-act even 500 million years 
ago (Heymann, 1967). However, it can also be argued that th ? events are not well-deted, 
and could represent a very recent event, associated with the collision which established 
the recent onset of cosmic-ray exposure, in combination with a small ('iS 1 retenfon of 
radiogenic argon from its previous history Recent theoretical studies of the evolution of 
Apollo-Amor objects of either cometary or asteroidal origins shows that when secular reso- 
nance is included, an asteroidal parent body cannot necessarily be i.if^rred from tl‘.e..e ages 
even if they are interpreted literally (Wetherill, 1978). It turns out that a significant 
fraction (-V15' ) of Apollos are transferred into the Amor and Mars-crossing reg'on for times 
as long as 2000 million years, and then returned to Farth-crossing. Thus an Apt'^o - bject 
of cometary origin can have been in the inner solar system 500 million years ago, nd have 
developed some sort of a regolith. However, a small, 1 km Apollo object would seem un- 
likely to oevelop a full-fledged lunar-style regolith. 

Since there are strong arguments against meteorites being derivable *rom the regolith 
of one of the terrestrial planets, and studies of lunar material snow they are not from the 
Moon, the most plausible place to suggest for their source are the su>'faces of large 
ilOO km diameter) bodies in the asteroid region. If so, this regolith cannot be a surficial 
layer only a few meters deep, as asteroid collision calculations show that the mass yield 
from asteroidal fragmentation is don.'-iated by deep and even totally destructive impacts 
(Wetherill, 1967; Cohnanyi , 1969). Whether or not a body with .o low surface gravity of 
ari asteroid can be expected to possess such a deep regolith is not clear. Many workers have 
argued against anything but a very surficial regolith, whereas Anders (1975) has 'oncluded 
that it is possible that almost the entire asteroid has had a regolithic history. Combined 
theoretical and experimental work directed toward a detailed understanding of the probable 
nature of an asteroioui regolith is badly needed. A start in this directioi. tios been made 
(Housen et al., 1977; Chapman, 1978). Until this is done it cannot be said whether or not 
the effects observed are compatible with this plausible but undemonstrated associ.Uion. 

The full .set of these regolith features are observed in only a few of the gas -rich 
meteorites. The most clear-cut case is that of the highly brecciated basaltic differenti- 
ated meteorites, the howardites (•--.y. , Kapoeta), for which the "synergistic" mechanism of 
derivation from the inner asteroid belt is proposed in the previous section. Less complete 
effects, such as presence of inert gas of solar composition, is less definit.ve, as unfrr - 
tionated gas of thi-; type was available over all of solar system history ai.d even earlier. 

It is probable that fonnation of a regolith at a well-defined heliocentric distance is not 
the only way for incorporation of this gas into interplanetary material. 
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Chemioal and mineralogioal evidenee from meteorites. Even the undifferentiated 
chondritic meteorites have had a complex chemical history. The volatile-poor ordinary 
chondrites have in many cases been heated and metamorphosed at temperatures as high as 
't-900°C (Van Schumus and Wood, 1967). Subsequent cooling histories several hundred million 
years in length have been inferred from the extent to which Ni diffuses in the solid state 
from Ni-poor a-Fe to Ni-rich y-Fe in the small bits of metallic Fe found in chondrites, as 
well as in the differentiated iron meteorites. It is not clear how a small asteroidal body 
could have exj^rienced an early thermal history this extreme. However, the evidence for an 
asteroidal origin is most strong for basaltic differentiated meteorites, and it has been 
demonstrated that these objects experienced a melting event -^.5 * 10^ years ago. There- 
fore, it does not seem extreme to suppose that other asteroids underwent the less severe 
heating required to explain the textures and mineralogy found in chondrites. If the only 
alternative source turns out to be comets, it must be remembered that there is no evidence 
to support a claim that the interior of a comet ever went through such a high temperature 
stage, or was massive enough to require the long cooling times observed. 

An her class of chemical arguments is based upon a presumably known relationship 
between the temperatures at which meteorites were formed (as deduced from their mineral- 
ogy, trace element, and oxygen isotopic composition), and the heliocentric distance at 
which these temperatures would be found (Larimer and Anders, 1967). However, these calcu- 
lations require that the present state of knowledge concerning the processes and conditions 
of star and planetary system origin is more secure than there is any reason to suppose it 
to be. Such condensation theories also fail to explain how such different classes of 
asteroids, as inferred from spectrophotometric and polavimetric data, are found at the same 
heliocentric distance. The variations in oxygen isotopic composition of pre-solar origin 
found between the different meteorite classes (Clayton et at., 1976; Clayton, 1978) is even 
more difficult to explain. These phenomena appear to require that asteroids which were 
originally formed at significantly different heliocentric distance were subsequently mixed 
by an unknown physical mechanism. This may well have occurred. However, inasmuch as aster- 
oids may have moved since formation this weakens the identification of an asteroidal origin 
based on an inferred "asteroidal belt" distance of origin. 

Relationship jf spectrophotometric obseroations of asteroids to the dynamical evidence. 
During the last five years a large body of spectral reflection data for asteroidal surfaces 
has been obtained (Gaffey and McCord, 1977; McCord, 1978). This permits at least tentative 
identification of the mineralogical nature of these surfaces, particularly the presence of 
opaque materials such as amorphous carbon, pyroxene and olivine (Fe, Mg silicates), and 
.Tttallic iron. This has led to an asteroidal taxonomy in which the S and C types, previous- 
ly mentioned, are the most abundant classes. (See papers in this volume by Morrison (1978) 
and by Zellner (1978).) 

At least one large C type asteroid is located near the vg resonant surface (313 
Chaldaea) and others are in proximity to the Kirkwood gaps (Tables 1 and 2). Assuming 
these asteroids are indeed similar to carbonaceous chondrites, they are strong candidate 
sources for meteorites. The Apollo-Amor object 1580 Betulia is also of presumed carbona- 
ceous compositions. The high geocentric velocity of fragments of Betulia would lead to a 
very small yield of material from this particular object. However, the existence of one 
carbonaceous body among this group, together with the observational biases against such low 
albedo objects, argues that there are likely to be many more, including some in low-velocity 
orbits. 

The S objects near the resonant regions may also be considered to be excellent parent- 
body candidates for differentiated silicate and iron meteorites. This is particularly true 
of those near the ve surface, 'n view of the agreement bel./een their calculated exposure 
ages and those measured on iron meteorites. The large asteroid 4 Vesta has frequently been 
proposed as the source of the basaltic achondrite meteorites. Its reflectance spectrum is 
in accord with this identification. However, its perihelion is so far from Mars' aphelion 
and its semimajor axis so far from resonant value that there is no dynamical reason to 
expect a significant yield of meteonces from this asteroid. It seems more likely that 
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differentiated silicate meteorites (achondrites) are derived from the silicate portion of 
large S asteroids such as 6 Hebe and 8 Flora, their smaller counterparts (some of which are 
likely to be their fragments), and Apollo-Amors derived from these bodies. Consol magno and 
Drake (1977) have questioned the validity of this Inference In view of the near absence 
among differentiated meteorites of the perldotitic residues of basalt formation, and have 
proposed Vesta as a basaltic achondrite source for which only the surfldal basalt layer is 
exposed. In view of the dynamical problems associated with this identification, it seems 
premature to consider this line of reasoning definitive; rather it seems best to leave this 
matter open at present. It is not at all clear that the collisional fragmentation of even 
Vesta was sufficiently mild to preclude considerable excavation of its "mantle." It might 
be that the excess of basaltic achondrites relative to their more ultramafic counterparts 
is a statistical fluctuation associated with most of these meteorites being derived from a 
single Apollo-Amor fragment from the Flora region, which happened to be a sample of a 
basaltic portion of a large S asteroid. 

If ordinary chondrites do come from asteroids, it is becoming increasingly puzzling why 
almost none of the asteroids match the reflectance spectrum of a chondrite. In fact, only 
one main belt asteroid (th 2 Apollo-Amor objects will be discussed separately) has been held 
to be of ordinary chondritic composition by spectrophotometric observers, 140 Oembowska. 

Even this Identification has been questioned by recent infrared data (Matson et al., 1977). 
Various explanations of this discrepancy have been proposed: poor sampling of asteroids, 
observation of only a surficial layer of the asteroid, changes in reflectance caused by 
solar wind sputtering or microparticle bombardment. However, plausible reasons for reject- 
ing these hypotheses can be given. 349 Dembowska Is a large asteroid (144 km diameter) not 
too distant from the 5:2 Kirkwood gap, from which meteorites could be derived (Scholl and 
Froeschle, 1977). However, there are many other large asteroids similarly well situated 
which don't look like ordinary chondrites, but are largely normal S- and C-type asteroids. 

No mechanism Is known which would preferentially sample Dembowska relative to these others. 
Statistical fluctuations in the recent impact history appear Inadequate to explain the 
variety of ordinary chondrite classes or their different exposure histories. 


Cumeta 

It is practically certain that no meteorites in our collections have been derived from 
historically observed comets. The shortest known cosmic-ray exposure age is that of the 
ordinary chondrite Farmington (19,000 years) and this is unique. In contrast, the volatile 
content of comets is insufficient to continue the observed volatile loss for more than 
10** years. Furthermore, it is unlikely that most meteorites are derived from comets during 
the active stage of their history, as they are usually too massive to be swept along by the 
outflowing gases. Although meteorites could be freed from comets during more violent come- 
tary outbursts, or following disruption while passing close to the Sun, it seems most likely 
that cometary meteorites. If they exist, are derived from nonvolatile residues of comets 
which are likely to survive following the active lifetime of a short-period comet. This 
could be either from a core which was originally mantled with volatile ices, or a loosely 
aggregated collection of meteorltic fragments originally scattered through the icy material, 
or from ice-poor portions of a regolithic breccia. 

There is good, if not compelling, evidence that nonvolatile residues of comets exist. 
There is a gradation in activity between highly volatile comets newly arrived from the Oort 
cloud, and the short period comets. This trend continues down to apparently severely vola- 
tile-depleted short period comets, such as Encke (Sekanina, 1971) and barely active comets 
such as Arend-Rigaux and Neujmin I. The natural end-members of this series are the non- 
volatile Apollo-Amor objects, and it has frequently been proposed that some or all of these 
bodies are extinct comets (Opik, 1963; Anders and Arnold, 1965; Wetherill and Williams, 

1968; Wetherill, 1976). 
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One short period comet (Encke) Is presently In an orbit with aphelion at 4.1 AU, well 
within the orbit of Jupiter. An orbit of this kind is relatively stable with respect to 
gravitational perturbations, in contrast to Jupiter-cross ing bodies which will be ejected 
from the solar system in -'-10^ years. Sekanina (1971) has shown how the "jet effect" (non- 
gravitational forces which are the reaction to the comet’s emitted dust and gas) has reduced 
Encke's aphelion to its present value during the last -^1000 years. At present these forces 
are small, implying relatively little emission of gas, which is compatible with Encke being 
nearly extinct. On this line of reasoning, it can be predicted that during the next few 
hundred years, Encke will become an Apollo object. Nor does it appear to be alone. A num- 
ber of meteor streams are in orbits similar to Encke, often with aphelia even much further 
within the orbit of Jupiter. Meteors in these streams exhibit physical characteristics very 
much the same as the Taurid meteors, known to be fragments of Encke (Ceplecha and McCrosky, 
1976; Ceplecha, 1977a). It is most plausible that these streams have been recently derived 
from unobserved extinct comets, because the time required for evolution into orbits as small 
as, for example, that of the Geminids (aphelion = 2.6 AU), is -vlO^ years (Wetherill, 1976). 
In contrast the time during which a stream will remain coherent is ■'-lO'* years. 

Fragments of extinct comets are not confined to the small, and usually weak, smal’ 
meteors. Large objects, kilograms in mass, are associated with these streams. There is 
even evidence th«;t very large (-'^100 ton) bodies are sometimes found in streams (Table 3). 


Table 3. Fireball x Orionids (Type III) 



a 

e 

i 


C 

Date 

N. Orionids 

2.22 

0.79 

2 

281 

258 

12/4-12/15 

EN041274 (108 g) 

1.98 

±.18 

0.76 

±.03 

3.5 

282 

252 

12/4/74 

EN021267 (14 kg) 

2.20 

±.02 

0.79 

3.9 

283 

250 

12/3/67 

S. X Orionids 

2.18 

0.78 

7 

101 

79 

12/7-12/1 

PM39469.850 (1 kg) 

2.33 

0.78 

5 

93 

78 

12/10/76 

Data from Ceplecha 

and McCrosky (1976) and Cep’echa 

(1977b). 



So it seems very likely that extinct comets exist and that large meteoroids derived 
from them impact the Earth. To a large extent the orbits of these meteoroids will be simi- 
lar to those derived from the asteroid belt by the mechanisms discussed in the previous 
section. Are these meteoroids ever meteorites, /.<?., can they survive passage through the 
atmosphere and be recovered from the ground? No direct evidence for this exists at present. 
However, there is circumstantial evidence that this may be the case. Ceplecha and McCrosky 
(1976) have shown that meteoroids in the 100 g to 10^ g mass range differ considerably in 
their physical strength and ability to penetrate deeply into the atmosphere. Altnough it 
is possible these differences will prove to be gradational, those observed so far fall into 
three classes, and can be discussed separately. 

Class III, the weakest of all, is associated with a number of well-established cometary 
meteor streams, and is nearly certain to be of cometary origin. Class II is significantly 
stronger. Some objects of this class also have definite cometary association {e.g. , Taur- 
ids and Encke). Ceplecha et al. (1977) have obtained a spectrum of one of these bodies 
which had a terminal mass of 70 g, and hence survived passage through the atmosphere. The 
spectrum shows strong CN bands and therefore contains carbonaceous matter. It seems most 
plausible to associate this body with at least some type of carbonaceous meteorite. 
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The strongest type of fireball meteor is Type I. All »hree fireballs photographed by 
fireball networks which have been recovered as meteorites (o dinary = noncarbonaceous chcn- 
drites) are of this class. Many fireballs {''<1/3) fall into this class. There ir e.ery 
reason to believe that any of them could have reached the ground if they had been l-'.rgf' 
enough, or had entered the atmosphere at sufficiently low velocity. Their ten.iinal r ‘.s 
distribution (Figure 2) indicates that it is common for both Type I and Type II met-'oroids 
to survive atmospheric passage. Except for the problem that asteroids don't ppear to be 
of ordinary chondritic composition, there is no particular reason why most of there fire- 
balls could not be of asteroidal origin, accelerated into Earth-crossing by one of the 
gentle resonance gravitational mechanisms discussed in the previous section. If so. this 
would oppose the present consensus that most meteors, both large and small, are derived 
from comets. 



TERMINAL MASS (GRAMS) 



Fig. 2. Observed distribution of Prairie Network fireball 
terminal masses (Ceplecha and McCrosky, 1976). It is seen 
that significant terminal masses are found for both Type I 
and Type II fireballs. Most fire alls belong to these 
classes. 
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However, there also seem to be Type I and Type II bodies in prim faoie cometary 
orbits, e.g., with aphelia beyond Jupiter or in retrograde motion. Many of these are c' 
high atmospheric entry velocity, >25 km/sec, and scaling to the velocities of the Type I 
bodies actually recovered as meteorites may have caused them to be erroneously assigned to 
Type I. But this is not always the case. Six (''•3;) of the Prairie Network fireballs 
(McCrosky et at., 1977) are low velocity (<20 km/sec) Type I bodies with aphelia (Q) be- 
yond Jupiter (see Table 4). These have low terminal masses consistent with their small 
initial masses. It is very unlikely that this is asteroidal material which impacted the 
-arth while in the process of being ejected from the solar system, as their number is a 
factor of ;iOU ’rger than the number calculated from studies of the orbital evolution of 
such material. It is certainly possible that these bodies are similar to recovered mete"'*"- 
ites, and if so it is only a matter cf t'ime before a sufficiently large one falls and is 
recovered by a fir*»bail network, provide! thf'e netwoiks remain operative. Most probably 
these bodies are of chondritic composition, but they could be either ordinary or carbo- 
naceous chonorites, as many carbonaceous chondrites are essentiel’y as strong as oi..i.aiy 
chondrites, and would be expected to be observed as Type I fireballs. 


Table 4. "Strong" Jupiter-Crossing Fireballs with Low Entry Veksity 


Number 

(AU) 

e 

i 

Q 

(AU) 

''entry 

(km/sec) 

•^INITIAL 

(9) 

”t 

(g) 

«T 

(g) 

Type 

PN39057 

4.2 

0.76 

0.1 

7.3 

14.7 

1400 

40 

80 

I 

PN39820B 

3.1 

0.69 

11 

5.3 

16.7 

1100 

19 

8 

I 

PN39972 

5.5 

0.84 

3 

10.4 

18.1 

170 

1 

0.7 

I 

PN42357C 

3.0 

0.67 

12 

5.0 

16.0 

360 

7 

20 

I 

PN42312 

3.0 

0.69 

14 

5.1 

17.5 

430 

2 

6 

I 

PN41282 

4.5 

0.80 

2 

8.1 

17.5 

1900 

1 

20 

11 

^INITIAL 

is the initial photometric 

mass 

given by Ceplecha and McCrosky (1976). 


Mx is the 

■ terminal 

mass calculated by the 

■ formal procedure of Ceplecha 

and McCrosky 


(1976). 

M;j is the 

estimated photometric 

mass near the 

end point 

at 'x.S 

km/sec. 



If it can be shown that identifiable meteorites are associated with these more unusual 
orbits of cometary affinity, it will be plausible to associate meteorites of the same class 
in more ordinary orbits with extinct comets. 


Apollo- Amov Oi'Jt-’ots 

The facii that Apollo objects arc in Earth-crossing orbits and are exposed to asteroid- 
al collisions near aphelion implies that at least some Earth- impacting meteoroids must be 
derived from these bodies. Although Amor objects are not Earth-crossing at present, it has 
been shown (Wetherill, 1978) that evolution of Apollos into Amors a-' vice-versa is so rapid 
that many Amors must be former or future Apollos, With regard to their role as meteorite 
sources, the only questions are the quantitative one of yield, and that of their mechanical 
strength. Calculations of the yield show that this could be large enough to supply the en- 
tire flux of chondritic meteori (vlO® g/yr), and is at least high enough to supply -v-lt 
of tnis material. No definite information regarding their strength is available. 
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If some fireballs could be associated with known Apollo objects, such information could be 
obtained from the end heights of these meteoroids. It is not obvious that such identifica- 
tion will be possible, as the exposure ages of stone meteorites are comparable to the time 
scale for major orbital evolution of Apollo objects. However, in the case of meteorites 
with very short exposure ages, this could prove possible (Levin et at., 1976). 

One problem with identifying the Apollo-Amor objects with ordinary chondrites is that 
the radiants of chondrites (Astopovich, 1939; Simonenko, 1975) and time of fall (Wetherill, 
1968, 1969) are at least at first sight not in agreement with dynamical calculations of the 
expected distribution of these quantities. This question needs to be examined in the light 
of more recent work on the aerodynamics of the entry of fireballs into the atmosphere 
(ReVelle, 1976) and the orbital evolution of Apollo-Amors (Wetherill, 1978). 

As discussed previously, Apollo-Amors are not pesmianent residents of the inner solar 
system, but are derived from an asteroidal or cometary source, or more likely, both. Thus 
they can be thought of as big meteoroids which can fragment into small meteoroids, or im- 
pact the Earth before fragmentation, forming craters 1-100 km in diameter. Some of these 
bodies are probably the extinct comets discussed earlier, whereas others can be derived 
from the inner asteroid belt (Levin et al.-> 1976; Wetherill, 1976, 1978). The resulting 
orbits are similar in either case (Wetherill, 1978). Dynamical considerations suggest that 
the cometary component should predominate. Interpretation of physical observations leads 
to an ambiguity. All but one of the Apollos for which there are relevant data appear to be 
related to either ordinary chondritic material or to S asteroids, rather than to carbona- 
ceous material. On cosmochemical grounds, most workers would interpret this to indicate an 
asteroidal origin. However, this argument could be turned around to imply a cometary ori- 
gin, as J consequence of spectrophotometric work showing that ordinary chondritic material 
is rare or absent in the asteroid belt. 

All three types of source bodies discussed will lead to the same general distribution 
of meteorite and meteoroid orbits. These will predominantly be orbits of low inclination, 
with perihelia near Earth's orbits, and aphelia in the asteroid belt. Full exploitation of 
more subtle differences in the distributions is likely to require more detailed observa- 
tional data and improved theoretical techniques. However, as discussed below, some tenta- 
tive conclusions are now possible and suggestions for advancing our theoretical understand- 
ing can be made. 


SUMMARY AND SUGGESTED FUTURE WORK 

The evidence is very strong that most differentiated meteorites are derived from the 
asteroid belt, either directly or through the ’nterniediary cf Apollo-Amor objects. Soectro- 
photometric observations show there is opaque material with low albedo in the asteroid belt. 
It is likely that this is carbonaceous. Some of these asteroids are adjacent to resonances 
which can gently accelerate their low velocity collision spectra into Earth-crossing. Ex- 
cept for the unlikely possibility that this material is too weak to survive atmospheric 
passage (Type III fireballs), there should also be carbonaceous meteorites of asteroidal 
origin. 

It is also quite possible that some of our meteorites are cometary, probably derived 
from extinct comets, most of which will be in orbits such that they would be identified as 
Apollo-Amor objects. If so, these are likely to be undifferentiated meteorites. They 
could be carbonaceous chondrites, ordinary chondrites, or both. It seems unlikely that 
ordinary chonorites are of both asteroidal and cometary origin. However, carbonaceous 
meteorites are so close to average nonvolatile solar system composition that their compo- 
sition does not argue for a unique source region. Some classes of carbonaceous meteorites 
could be asteroidal, others cometary. 

One might think that the abundance of observational, theoretical and experimental evi- 
dence relevant to the problem of identification of meteorite sources should permit more 
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clear-cut identifications to be made than seems to be the case. The reason is that tne 
evidence does not lead to an internally consistent solution. Thus, by use of only a por- 
tion of the available evidence, it is apparently possible to come to more firm conclusions 
than wh.n all the evidence is considered. 

It is likely that an entirely new source of evidence, e.g. , returned samples from 
asteroids and comets, would reuMy clear up the question. However, at the present stage, 
it would appear useful to understand which line of evidence is leading us astray. This 
suggests several lines of investigation. 

1. Perhaps the most straightforward problem would be to resolve the 
question of whether or not the distribution of chondrile radiants 
and time of falls is or is not compatible with derivation of most 
of these bodies from Apollo-Amor objects. This will require se- 
lection of a plausible range of fragment size distributions making 
use of available or new hypervelocity impact data. This could 
then be combined with bias-corrected Apollo-Amor statistics 
(smoothed by theoretical steady-state considerations) and an 
improved physical theory for meteorite entry, perhaps along the 
lines of ReVelle (1976) and Padavet (1977). Comparison of the 
theoretical radiant and time of fall distribution with that ob- 
served should then permit us to know whether or not the discrep- 
ancy is as serious as appears at first glance. 

2. Spectrophotometric measurements on asteroids has led to the con- 
clusion that ordinary chondrites, especially L and LL chondrites, 
are rare or absent in the main asteroid belt. On the othei hand, 
there are large asteroids adjacent to the 5:2 Kirkwood gap which 
probably could supply meteorites with the required radiant and 
time of fall distributions of chondrites. Could these be ordinary 
chondritic bodies, the spectral signature of which has been ob- 
scured by surface alteration processes? Plausible arguments against 
this possibility have been advanced, but do not seem to be suffi- 
ciently definitive to settle the issue. Further laboratory simu- 
lation coupled with theoretical studies of the basic physical 
processes involved may be expected to be of considerable value. 

These studies should also shed additional light on the origin of 
other features, such as the absorption feature at "t.65 urn seen in 
many S asteroids, but which is absent in noncarbonaceous meteor- 
ites. Several explanat'ons of this feature have been given, but 

it is not clear that any of them are correct. When understood, 
this feature could be imoortant in relating the mineralogical 
composition of meteorites to that of asteroids. 

3. On a sufficiently shot t time scale, i.e. , 10'-10‘* years, the 
orbital evolution of planet-crossing bodies is deterministic and 
can be handled by classical methods of celestial mechanics. How- 
ever, on longer time scales multiple close planetary encounters 
occur and minor differences in initial orbits result in grossly 
different final orbits. Under these circumstances the system is 
best modeled statistically. Although, like a roulette wheel, it 
is still in principle deterministic, the information required to 
make deterministic predictions is not available. Nevertheless, 
in both cases, valid inferences of a probabilistic nature can be 
made. Discuss'On of the long-range orbital evolution of planet- 
crossing bodies has been entirely dependent on these stochastic 
methods (Opik, 1951, 1977; Arnold, 1965; Wethenll. 1968, 1977). 

However, there are a number of assumptions and approximations made 
in these stochastic methods which have never been critically 
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examined using the full range of classical or conventional 
celestial mechanical understanding which Is available. It would 
be trivial to show that the stochastic methods are not rig'.rous 
and trite to ^jy “they should be used with great caution." What 
Is needed Is a constructively motivated critical study of these 
techniques, directed toward placing them on a better tneoretlcal 
foundation. This could allow us to have more confidence In 
interpreting second-order differences between observed and 
theoretical orbit distributions and to more quantitative esti- 
mates of expected yields from various sources. 

4. A principal basis for the Inference that there Is meteoritic 
material of cometary origin Is obtained from photographic fire- 
ball networks, particularly the Prairie Network (McCrosky et at., 
1977). However, the efforts of these networks have primarily 
been directed toward meteorite recovery, and are strongly biased 
against the most clear-cut occurrences of cometary origin--the 
shower meteoroids. Meteoroids Identified as belonging to the 
major showers were not reduced in the Prairie Network Investiga- 
tions, and Canadian Network data is not reduced at all unless a 
meteorite fall is suspected. There are no continuing fireball 
studies in the U.S. at present. In fact, all of meteor science 
in the U.S. is in a state of rapid decline, following withdrawal 
of both the NASA Ames Research Center and the Smithsonian Astro- 
physical Observatory from this field. The inferences tentatively 
made previously strongly suggest that serious treatment of fire- 
ball data may force revision of our present concepts of the 
physical nature of comets, but this cannot happen unless some 
people work in this field. 

5. Many of the arguments used to Identify meteorites with their 
sources arc based on regolithic analogs. However, there is very 
little understanding of how regolithic properties may be expected 
to vary as a function of heliocentric distance or of mass and 
composition on the body on which they occur. A start In this 
direction has been made (Housen et al., 1977; Chapman, 1978). 
Until we understand much more quantitatively just what an aster- 
oidal or cometary regolith should look like, including charged 
particle tracks, microcraters, agglutinates, etc., we do not 
really know if meteoritic evidence favors or dis<"avors particular 
regolithic identifications. 


6. There Is at p*'esent no theory adequate to explain even qualita- 
tively the origin of the principal features of the asteroid belt, 
e.g., its small mass content, relative velocity distribution, 
Kirkwood gaps and mixed chemical composition. Development of a 
theory of this kind will require a much more quantitative under- 
standing of the origin of stars and planetary systems in general, 
and the Sun and planets of our solar system in particular. There 
has been renewed interest in these problems during the last few 
years, but the goal Is still distant. 


One can be hopeful that investigations along the lines suggested above would help 
considerably in constructing an internally consistent framework in which to view the prob- 
lem of Identification of meteorites with their sources. 
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This short list of suggestions for future work is In no sense Intended to be complete. 
For example. It Is obvious that the full set of chemical, petrological, and Isotopic labo- 
ratory work on meteorites Is essential to a correct understanding of the relationship of 
meteo*'1tes to their sources. Much more needs to be done. It Is unlikely, however, that 
such Investigations would lead to the qualitatively distinctive revelations which have 
followed actual spacecraft missions to the Moon and planets. "Ground truth" and sample 
return may be expected to be the ultimate answer to the identification of meteorites and 
their source, and to the realization of the geological context in which these small bits 
of primordial material should be viewed. 
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DISCUSSION 

ARNOLD; I tend to trust very much the argument that we don't get meteorites from the Moon 

because of the 2.3 km/sec required ejection velocity. 

WETHERILL: I believe that argument, too. It is difficult to quantify because it requires 

quantitative knowledge of the impacts of large objects on the Moon. It could be that 

there haven't been any large impacts on the Moon in the last few million years and 
therefore this mechanism would not be expected vo contribute much to the meteorites 
in our collections. A skeptic could get around this argument in this way. In our 
thinking on this problem in the last several vears we have looked for mo'e gentle 
methods for transferring niaterial from the asteroid belt to Earth-crossii.j regions 
rather than direct impact and high velocity transfer. 

CHAPMAN: What would be the yield of chondrites from Earth-approaching objects if you 

wanted to assume they were all ordinary chondrites? 

WETHERILL: About 10** g/yr, but this number is uncertain by at least .in urder of nagnitude. 

There are more serious problems with an Apollo meteorite source. One is that if you 
wish to believe that Apollos are derived from the asteroid belt, it is necessary to 
stretch the estimates of their oroduction rates by a factor of ^10, possibly more. 

ARNOLD: Does that problem also extend to the distribution of eccentricities? 

WETHERILL: I don't really think so. In your work you had very snail semi major axes and 
relatively low eccentricities. The Vf, resonance changes that result a let. There are 
sliynt differences between the orbits of Apollos and orbits derived from tne different 
regions of the asteroid belt or those derived from orbits like comet Encke. But they 
are not nearly as extreme as they used to be. 
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As a result of the heterogeneous distribution of the ii.tooes 
of oxygen in the early solar nebula, the various planets, 
asteroids and meteorites have isotopic labels which permit 
recognition of samples derived from common sources. It is 
thus possible to see genetic associations between meteorite 
classes, such as group II E irons with H-group ordinary 
chondrites, and enstatite meteorites with the Earth and Moon. 
These associations help in defining the complexity of the 
parent bodies, and in determiring their region of origin 
within the solar system. 


INTRODUCTION 

In order to understand the implications of all of the detailed measurements which are 
made on meteorites, we must somehow establish their "field relations" within the solar 
system. We need to identify their parent bodies, and reconstruct their histories of con- 
densation and accretion. Oxygen isotope "fingerprints" provide a unique method giving 
information on the number of parent bodies represented by the meteorites. The solar 
nebula was not completely homogenized with respect to the isotopes of oxygen prior to 
condensation and accretion of the planets and meteorite parent bodies (Clayton ct al., 
1973). Materials which condensed in different regions or at different times acquired vari- 
able proportions of a component enriched in This isotopic "fingerprint" remains with 

the material, and no amount of chemical processing or mass- fractionation can eradicate it. 

Thare are two possiole explanations for the isotopic heterogeneity of the nebula: 
pre-solar solid grains enriched in or a nucleosynthetical ly processed gas injected 
into the nebula Followed by rapid condensation. The highest concentrations of the *^0-rich 
C'jnponent are found in high-temperature condensate minerals in C3 carbonaceous chondrites, 
fh’s observation is consistent with the pre-solar grain hypothesis if these grains were re- 
fractory minerals which served as condensation nuclei for the solar system condensates. If 
the *®0-rich component was introduced into the solar nebula from a nearby suoernova explo- 
sion, then the high- temperature condensates in C3 meteorites were probably formed in the 
outermost parts of the solar nebula near the supernova shoex front. 

The oxygen isotopic compositions of the major stony and stony-iron meteorites are 
shown in Figure 1 , on a graph of versus ‘®0/*^0. The oxygen isotopic compositions 

of matter in the early solar system were modified by at least two processes: (1) addition 

of the i®0-rich component, which displaces the composition toward the lower left of the 
graph, along a line of unit slope; (2) mass-dependent isotopic fractionation associated 
with chemical or physical processes, which displaces the composition along a line of 
slope 1/2, in either direction, depending on the particular process. The heavy line in 
Figure 1 is the locus of compositions of terrestrial materials, and illustrates the effect 
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Fig. 1. Oxygen isotopic compositions of various meteorite groups. Ordinate is 
ji. ' abscissa is both expressed as pennil (parts per thousand) 

deviations from an arbitrary terrestrial standard (SMOW). The heavy line with 
slope 1/2 is the locus of all terrestrial materials, wnich spread along the 
line due to mass-dependent isotopic fraction.ation. The mean value for uie 
F.arth is probably indistinguishable from that for the Moon. The dashed line 
with unit slope is the extrapolation of the '’’0 mixing line observed in sepa- 
rated phases of C3 chondrites, most of which are off-scale to the lower left of 
this figure. Analytical uncertainties in the data are somewhat smaPer than 
the plotted points. 


of mass-fractionation processes .vithin a single planet. The actual range of obsi>r/ed iso 
topic compositions on Earth is at out six tii.ies as great as the span of Figure I. The 
dashed line in Figure 1 is the mixing line of unit slope which is generated by individual 
inclusions and mineral samples from several C2 and C3 meteorites (Clayton r* 1°77). 

The observed range of compositions extends well off the diagram to values of ^'*^0 of -40 
The variations in composition of all of the other meteorites are presumably oue to a 
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combination of these two processes of mixing and fractionation. Thus meteorites lying 
above the terrestrial line (Cl, ordinary chondrites, HE irons) contain less of the *®0- 
rich component than the Earth, whereas the C2, C3 carbonaceous chondrites and most of the 
differentiated meteorites contain more than the Earth. 

It should be considered whether a planet or meteorite parent bof'v might, as a conse- 
quence of heterogeneous accretion, be internally heterogeneous with respect to oxygen iso- 
topes (in addition tc the obvious effects of isotopic fractionation). The evidence from 
terrestrial and lunar samples strongly indicates that all materials s.^mpled have come om 
a single homogenized reservoir, as would be expected for such large differentiated b* les. 
At the other extreme, it is known that C2 and C3 carbonaceous chondrites are isotop’cal ly 
heterogeneous on a submillimeter scale. The evidence bearing on homoger.eity in pa'-ent 
bodies of other meteorites is less direct. For example, all L a.'.d LL chondrites apoear 
to be derived from a common reservoir, possibly a single parent body, ano all H chondrites 
are derived from some other reservoir, also possibly a single parent body. It is obviously 
impossible, in principle, to distinguish between two noninteracting regions of a single 
parent, on the one hand, and two distinct parents on the other. However, lacking any evi- 
dence in favor of large-scale internal heterogeneities, I shall assume that isotopically 
distinct source reservoirs imply different parent bodies. 

In the following sections, the various major meteorite groups will be discussed, with 
particular referer.ee to the interrelationships among aroups and the inferences with respect 
to their parent bodies. 


CARBONACEOUS CHONDRITES 

It car be seen in Figure 1 that the Cl, C2, and CJ meteorites occupy three distinct 
regions o.' the oxygen isotope diagram. The C2s are a special case, since they are composed 
of approximately equal amounts of high-temperature anhydrous silicates (olivine and pyrox- 
ene) and a low-temperatJre phyllosi licate matrix. The region of Figure 1 labeled C2 is for 
the matrix material; the data for olivine and pyroxene are distributed along the **0 mixing 
line determined by the minerals from C3 meteorites. Cl and C2 matrix materials are distinct 
from one another and, interestingly, lie on opposita sides of the terrestrial fractionation 
line. They clearly represent different source regions. Since both types are thought to be 
very primitive solar system materials, and since many asteroids appear to be similar to Cl 
or C2 meteorites, it is to be hoped that observations of asteroids can be inproved allow 
distinction between these two types of material. 

The difference in isotopic compositions between Cl and C2 matrix requires that they be 
formed from nebular gase^ of different isotopic compositions, separated either in space or 
in time. Since both Cl meteorites and J2 matrix consist of hydrous silicates formed at low 
temperatures, probably by interaction with water vapor in a nebular gas, the isotopir dif- 
ference between the two groups implies gaseous regions of the nebula with different ^^0 
abunuances. The Cl material could be derived from the same source as the H-group ordinary 
chondrites, since these two groups appear to lie along a common fractionation line. Therj 
is no group of chondrites bearing a similar relation to the C2 matrix material. However, 
the unique chondrite Kakangari and the achondritic parts of Bencubbin ard Weatherford may 
have such a relationship. In each case, the temperature effect on tiic isotopic fractiona- 
tion between gas and solids would account for the enrichments in heavy isotopes in the low- 
temperature phyllosili cates relative to the higher- temperature olivine and pyroxene. (Note 
that no low-temperature phyllosi licate counterpart to the L-group chondrites has yet been 
observed. ) 

Although th>r C3 meteorites are isotopically heterogeneous on a submillimeter scale 
(Clayton et at., 1977), their bulk isotopic compositions are very similar to one another, 
and only subtle differences between the subclasses C30 and C3V are detectable. Determina- 
tion of the location and mode of origin of these meteorites is of the utmost importance in 
deducing solar system history, since they are the principal hosts of the nucleosynthetic 
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isotope anomalies in oxyger., magnesium, calcium, barium and neodymium (Clayton et al., 

1977; Lee et at-, 1977; Lee et al.., 1978; McCulloch and Wasserburg, 1978). In the case of 
the anomalies in minor elements, their observation in C3 meteorites may simply reflect 
more favorable conditions for preservation. However, in the case of the oxygen anomaly, 
the bulk meteorites show a greater *®0-excess than any others, with the exception of the 
unusual pallasites Eagle Station and Itzawisis. The C4 meteorites Karoonda and Coolidge 
have oxygen isotopic compositions which are essentially the same as the C3s. The internal 
isotopic fractionation among minerals in C4s is consistent with metamorphic recrystalliza- 
tion at a temperature near 600°C (Clayton et al., 1977). 

A few carbonaceous chondrites have unique isotopic compositions, and do not fall with- 
in the three main groups. Al Rais and Renazzo, comnioniy classed as C2, have distinct com- 
positions unlike the C2 g»-oup. Mokoia, usually classed as C3, has an isotopic composition 
which appears transitional between C3 and C2. 

In addition to macroscopic carbonaceous chondrite meteorites, fragments of similar 
material have been observed as inclusions in other meteorites (Wilkening, 1978). Some of 
these have been found to have isotopic compositions different from the main carbonaceous 
chondrite groups, although most are rather similar to the C2 group chemically and isotopi- 
cally (Clayton and Mayeda, lQ78a). Thus, it would appear that conditions for production 
of C2-like material occurred in many places in the solar system; the observation many 
asteroids with C2-Iike surfaces (Chapman et al., 1975) is, of course, consistent with this 
observation. 
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ORDINARY CHONDRITES 

Two distinct source reservoirs are required for the ord nary chondrites: one for the 
" group, another for the L and LL groups. The latter two are not resolved from one an- 
ocher, and could be chemical differentiates from the same sour-e. The two reservoirs are 
displaced from one another in the direction of *^0 mixing, implying condensation under 
similar conditions from two isotopically distinct parts of the nebula. 

Possible association of H-group chondrites with Cl chondrites has been discussed above. 
They may also have been derived from the same oxygen reservoir as the silicates in tyoe HE 
irons (Clayton and Mayeda, 1978b). There is no genetic association between the ordinary 
chondrites and any of the achondrites. In fact, where chondritic and achondritic fragments 
are found together in brecciated meteorites, they are found to have distinctly different 
oxygen isotope abundances, thus requiring derivation from separate parent bodies (Clayton 
and Mayeda, 1978a). 


ACHONDRITES, MESOSIDERITES AND PALLASITES 

Most of the differentiated stony and stony-iron meteorites fall into a single group in 
the oxygen- isotope diagram. This class includes the eucrites, howardites and diogenites, 
as well as the mesosiderites and pallasites. It also includes the well-studied achondrite 
Angra dos Reis, the igneous differentiation of which was complete 4.55 Gy ago (Lugmair =;nd 
.larti, 1977; Wasserburg et al., 1977). Wc^e all of these meteorites derived from the same 
parent body? Differences in initial ®^Sr/®®Sr imply that they were not. Nevertheless the 
uniformity of oxygen isotopic composi*^ion requires that this large group of differentiated 
meteorites was derived from a common reservoir in the nebula. 

A few achondrites form smaller, separate isotopic classes. The ureilites form u single 
group with isotopic compositions more like carbonaceous chondrites than achondrites. Nakhla 
and Lafayette, presumably fragments of the same parent, have a unique isotopic composition 
not obviously related to other groups. Shergotty and Zagami likewise form a separate group. 
Bencubbin and Weatherford are metal-rich breccias with a distinct and complex isotopic 
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signature. Eagle Station and Itzawisis ai? h1<'h1y unusual in both chemical and Isotopic 
compositions relative to other pallasites. Their parent body appears to have formed with 
an exceptionally large complement of ‘>igh- temperature condensates, labeled with the *^0- 
excess recognized first in the C3 chondrites (Clayton and Mayeda, 1978b). 

The aubrites are discussed in the next section. 


ENSTATITE CHONDRITES AND ACHONDRITES 

The enstatite chonJrites and aubrites form a single class (Clayton et at., 1976), con- 
sistent with derivation from a common parent body, as has been suggested on chemical grounds 
by Wasson and Wai (1970). This raises doubts about either the association of the E spectral 
type of asteroids with the aubrites (Zellner et at,, 1977) or the RF and RR spectral type 
with the enstatite chondrites (McCord, 1978). Such problems are not unexpected due to the 
lack of characteristic features in the reflectance spectrum of enstatite (Gaffey, 1976). 

A remarkable aspect of the oxygen isotopic composition of the enstatite chondrites is 
that it is very near that of the Earth and Moon. The composition appears to lie squarely 
on the terrestrial fractionation line, perhaps a little enriched in the heavy isotopes rel- 
ative to terrestrial mantle rocks. It is curious that the Earth should be so similar in 
isotopic composition to this meteorite group, since the high degree of reduction of the 
enstatite chondrites would appear to require their condensation in a region of the nebula 
in which the C/0 ratio was significantly greater than elsewhere (Larimer, 1975). Further 
chemical and isotopic studies of enstatite chondrites are important to investigate their 
relationships to the inner planets. 


IRON METEORITES 

Type HE irons, which contain coarse-grained silicate minerals, may have a conmon 
parentage with the H-group ordinary chondrites, as discussed above. The type lAB irons are 
breccias containing silicate rock fragments of chondritic composition (Bild, 1977). They 
fall in a single group in the oxygen isotope diagram, which may be related to the enstatite 
chondrite group by *^0 addition. This association with the enstatite chondrites is also 
suggested by the low iron content of the mafic silicates in the lAB meteorites. Perhaps 
these meteorites are good candidates for the RF-type asteroids. 


PROSPECTS FOR REMOTE ISOTOPIC ANALYSIS OF ASTEROIDS 

The problems in performing sufficiently accurate *®0/*^0 and measurements with- 

out sample return are fo.Tiiidable. Although **^0 is abundant, the heavier isotopes are not. 
Resolution of the different meteorite classes, for example H chondrites from L chondrites, 
requires a precision in the *to/16q ratio of better than 5 * 10"**. Since the absolute value 
of this ratio is only 4 « lO"**, the measurement requires detennination of *^0 concentrations 
to better than 2 x 10*’ relative to *®0. Mass spectrometry is the only feasible technique, 
and the elimination of interfer'ng species, such as hydrides, would be exceptionally diffi- 
cult without the chemical processing used in laboratory analyses. Techniques without chem- 
ical sample preparation, such as laser-probe or ion-probe mass spectrometry fall far short 
of the necessary precision in terms of both random and systematic errors. There is no ob- 
vious fundamental limitation to such remote isotopic analysis, but a very large amount of 
instrument development would be a prerequisite. 
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DISCUSSION 

VEVERKA; Why are the H and L chondrites represented by a single point, whereas the C chon- 
drites are represented by an extended area? 

CLAYTON; That is what we observe. The Cs really do appear to spread out over some range 
along the fractionation direction due to small differences in the formation temperatures 
of the minerals. Because the Cs are formed at lower temperatures, the isotope effects 
are large and a change of 10 or Vgrees in condensation temperature woulo give you a 

substantial spread. Ten or 20 c oes at the condensation temperatures of the Hs and 

and Ls would give a very much smaller spread. 

FANALE; Are the data here spurious in the sense that what is analyzed is really a physical 
mixture of i®0-enriched Cl material and *®0-deficient C3 material, which would give 
points for C2s lying along some mixing line? 

CLAYTON: We have gone to a lot of effort to try to be sure that these things are free of 
impurities, and 1 think we have satisfied ourselves that we have done that pretty well. 
We have also managed in one case to do an analysis on a carbonate phase of a C2, where 





there is one percent of calcite That point lies quite a long way from the matrix but 
is on the same fractionation line as the matrix. So there is pretty good evidence, I 
think, that these are not mechanical mixtures and that they acquired this composition 
by interaction with a gaseous material that lies somewhere along the fractionation line. 

FANALE: Is it possible, at least in the case of carbonaceous chondrites, that the ^®0- 

enrichment is due to a nonthermal activation process during an interaction with niore 
*®0-rich vapor at high vapor pressures? Or did we really have a homogeneous nebula 
where at the surface of a progenitor body, such as Ceres, there was preferential escape 
of from the base of the exosphere leaving a surface which was, therefore, *®0- 
enriched? 

CLAYTON: You ask whether the low temperature minerals could have been formed from ordinary 

chondrite material by low temperature exchange with an *^0-enriched gas. I would say 
that is a possibility, particularly if the gas is a large reservoir compared to the 
meteorites, so that they ended up with no memory of their original composition. There 
is one thing that leads us to think that something like that might be going on. In 
samples from other meteorites we saw points that were near the dashed line for C3s 
(in Figure 1) and we started taking apart some of the C3 meteorites which contain a lot 
of iron-rich anhydrous silicates. We find that the olivines with different chemical 
compositions move up and down the dashed line and as we get to the most iron-rich we 
have at least one point that is on the fractionation line to the C2 matrix region. I 
can't cite any similar evidence, connecting Cls with anything else. Your second possi- 
bility was that everything was once homogeneous and was subsequently enriched in '®0. 
Presumably you would have to start with very *®0-deficient material like C3 meteorites. 

I think it's highly unlikely that all of the planets and the Moon and everything were 
made by that kind of alteration, at least based on what we have seen so far in Allende 
which is just a few grams of very peculiar C3 matrix in a very peculiar chemical state. 

I would be more inclined, so that you don't have to move so many atoms, to say that the 
materials like the Cl and C2 chondrites are normal and that C3 material is abnormal. 

McCORD: If the instrumentation did exist for doing oxygen i.sotope analysis on the surface 

of an asteroid, what sort of sample handling would you require? 

CLAYTON: If the analysis were done by some kind of a laser probe or an ion probe mass spec- 
trometer, no sample preparation is needed. We are working here on the development of 
an ion microprobe mass spectrometer, not for extraterrestrial analysis, but for terres- 
trial analysis, and sample preparation there simply involves using a polished rock sur- 
face. We do have to put on a conducting coating to keep it from charging up. That is 
the only preparation we need. 
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NATURE AND EVOLUTION OF THE METEORITE PARENT BODIES: 
EVIDENCE FROM PETROLOGY AND METALLURGY 

JOHN A. WOOD 

Center for Aa trophy aioa 
Cambridge^ Maaaaohuaetta 02138 


Petrologic and metallurgical properties of the meteorites 
that specify or limit their depth of equilibration in the 
parent bodies are noted. Origin of the structure of pal la- 
sites is discussed in detail. The pallasitic structure 
could have formed stably at the core/mantle interfaces of 
internally melted small planets, where the weight of sunken 
olivine cumulate layers submerged the lowermost olivine 
crystals in underlying molten metal. However, the weight 
of the cumulate layer would also deform the olivine crystals 
so extensively as to destroy the pallasitic structure, ex- 
cept in the smallest parent bodies (< ’'-10 km radius). It 
appears that melting and differentiation (to produce pal la- 
sites, irons, achondrites) occurred in an early generation 
of small planetesimals, but final cooling of the meteoritic 
material occurred in larger bodies. 


All the evidence from petrological and metal lographic studies of meteorites indicates 
that they evolved and to some degree equilibrated at relatively shallow depths in planets. 
Most of the evidence from these disciplines does not testify to the total size of the 
planets, though there is one item of evidence that I believe does constrain the dimension 
of certain of the parent planets to be very small; most of the present paper will be de- 
voted to a discussion of this point. 

So far as evidence constraining depths of origin (not planetary sizes) is concerned, 
at the simplest level one can cite the ophitic textures of eucritic achondrites, which are 
reproduced in terrestrial circumstances only by volcanic rocks that crystallized in su'-face 
flows or at very shallow depths in feeder conduits. Evidence from textures, microcraters 
(Brownlee and Rajan, 1973), and fossil tracks (Wilkening, Lai, and Reid, 1971) in other 
types of Ca-rich achondrite point to their evolution in regoliths, at the surface of one or 
more bodies. 



The meteorites contain no minerals inconsistent with equilibration at very low pressures 
apart from the occurrence of diamond in the Canon Diablo iron and in the ureilites (a type 
of achondrite), the formation of which is clearly attributable to shock pressures upon im- 
pact rather than sustained pressure at depth in a planet (Lipschutz and Anders, 1961; 
Lipschutz, 1964). On the other hand, minerals that ijould be produced by high pressures are 
not observed. Figure 1 shows a phase diagram relevant to chondrites and mesosi derites. 

The mineral assemblages of both meteorite classes fall in the left (low-pressure) field; 
i.e,, plagioclase is stable rather than spinel or garnet. The diagram cannot be used to 
make a quantitative estimate of pressures for these meteorites because it does not include 
the effect of Na and Fe^'*', which are important components of the meteoritic systems. The 
abundance of aluminum in the Ml sites of orthopyroxene in ordinary chondrites is vanish- 
ingly small (0.1 + O.U), which at the apparent temperature of equilibration (-vesO'C) 
indicates very low pressures. Interestingly, the Alnn] content of orthopyroxene in a 
mesosiderite (Patwar) is somewhat higher (0.4%; Weigand, 1975). Because of the approxi- 
mations mentioned, however, these values cannot be interpreted quantitatively. 
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Fig. 1. Stable mineral assemblages in the 
system Ca 0 -Mg 0 -Al 203 -Si 02 , as a function of 
pressure and temperature (Obata, 1976). 

Fo = forsterite, Opx = orthopyroxene, 

Cpx = cl i nopyroxene. An = anorthite, 

Sp - spinel, Ga == garnet. Numbers on 
dashed lines represent the atomic percent. 
A1 in six-fold coordinated sites in ortho- 
pyroxene. 



Perhaps the most valuable evidence for depth of equilibration of meteorites is pre- 
served in the metallic minerals they contain. The rates at which metal-bearing meteorites 
cooled through the temperature interval 600°-400°C in their parent planets can be estimated 
from the nature of Ni diffusion gradients preserved in their metal alloys (Wood, 1964; 
Goldstein and Ogilvie, 1965). The slower the cooling rate, the lower the temperature (and 
hence the higher the Ni content of the y alloy) when diffusion was immobilized. Character- 
istic cooling rates for a number of meteorite classes are summarized in Figure 2 (Wood, 

1967; Goldstein, 1969; Powell, 1969; Buseck and Goldstein, 1969). This figure also sug- 
gests possible cooling sites for the meteorite types, by displaying cooling rates as a 
function of depth in planets of asteroidal dimension. The cooling rate calculations assume 
a uniform initial temperature of 1000°C and chondritic long-lived radioactivity, but do not 
take account of redistribution of heat sources by igneous activity (Wood, 1967). 

Many writers have concluded that the meteorites came from differentiated, concentric- 
ally layered parent bodies, structurally analogous to Earth. Iron meteorites would repre- 
sent the cores of these bodies. Others have advocated parent planets with "raisin bread" 
structure, meaning that relatively small zones of metallic Ni,Fe were dispersed at all 
depths in them. Urey (e.g.t 1963) cites curious reentrant cavities on the surface of the 
Goose Lake iron meteorite (Henderson and Perry, 1958) and the relatively large abundance of 
pallasites among meteorites as evidence that the surface/ volume ratio of iron masses in the 
parent planets was high, therefore the iron masses occurred in "raisins." (Pallasites are 
stony-iron meteorites that consist of roughly equal amounts of coarse olivine (■\-1.0 cm) and 
metallic Ni.Fe. The olivine crystals are in close-packed array, with metal filling the 
spaces between vhem. Clearly the solid olivine crystals accumulated stably in this configu- 
ration while the metal was molten (i.e. , in the temperature range 1600'’-1400®C). Properties 
of pallasites are reviewed by Mason (1963) and Buseck (1977)). Wasson (1972) notes that the 
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Fig. 2. Left, cooling rates of metal -bearing meteorite classes. Right, 
depths at which cooling would have occurred at these rate.., in four 
hypothetical planets of asteroidal dimension. Depths >180 km in the 
500 km body would not cool to 500“C in 4.6 « 10’ yr. 


wide range of cooling rates of some geochemically coherent classes of iron meteorifs, 
taken at face value, indicate that the latter evolved in the same parent planet but in dis- 
crete bodies at widely varying depths, t.e. , in "raisins." (Cooling rates of 33 Group Ilia 
irons range from 1.5® to 10®/10® yr; 23 IVa irons, 7®-80”/10* yr; Goldstein (1969).) 

However, a detailed consideration of the chemistry and cooling rates of Group Ilia 
irons (Figure 3) makes it appear likely that meteorites from two sources, each with cooling 
rates uniform to within the uncertainty of the method, are lumped in this group. Group IVa 
can be similarly decomposed into two or three uniformly-cooling components. Figure 2 re- 
flects the subdivision of these two groups. Further, the concept of "raisins" does not 
really make the Goose Lake cavities any easier to understand, nor Joes the model when exam- 
ined in detail help to account for the apparently unstable mixture of high- and low-density 
components that constitutes pallasites. The "raisin bread" model and others involving 
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Fig. 3. Ni and Ge contents and metal lographic cooling rates of 
Group Ilia iron r^teorites. The number beside each data point 
is the cooling rate, in degrees C/10^ yr. All meteorites coitinon 
to the studies of Wasson and Kimberlin (1967) and Goldstein (1969) 
are plotted. Two subgroups, probably representing discrete 
sources, are indicated. 


dynamic processes {e.g., Scott's (1977) concept of intrusion of molten metal into olivine 
cumulates) do not square well with the orderly, close-packed structure of most pallasites. 

There is an aspect of melting and differentiation of planetary interiors that would 
have produced pal Iasi tic material as a gravitationally stable layer at the core/mantle 
interface. An olivine cumulate layer immersed in mafic silicate magma would press down on 
the interface between magma and differentiated molten metal/sulfide with a weight propor- 
tional to (1) the thickness of the cumulate layer, (2) the difference in density between 
olivine and magma, and (3) the local value of .7. This would submerge the lowermost olivine 
crystals a certain distance into the molten metal/sulfide (Figure 4a). The depth of sub- 
mergence would be greater if magma were free to erupt to the surface of the hypothetical 
planet, meaning that (1) above would embrace all the unmelted substance of the planet whose 
density was greater than that of the magma (Figure 4b). The amount of pallasitic material 
that can be formed by the mechanism of Figure 4b can be calculated by assessing the downward 
weight of solid silicates between /?2 and R 3 and requiring the upward buoyant forces of solid 
olivine crystals between fii and 7?2 to equal this value: 
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Results are shown in Figure 5, for a range of possible core sires. The relative volume of 
pallasitic material produced is independent of the absolute size of the planet. In prin- 
ciple, the volume of pallasitic material that would form in an interrjlly melted planet 
(relative to pure Ni,Fe metal) is substantial, larger than the ratio of nallasites to irons 
in museum collections. 




Absolute values of the weight exerted downward by cumulate olivine at /i’> can be esti- 
mated, by assessing one side of Equation (1) as a function of R (- Rj). These are 4, 16, 
63, and 390 bars, in planets of total radius 50, 100, 200, and 500 km respectively, for 
reasonable compositions and internal configurations. These are small stresses, but olivine 
is extremely weak at the high temperatures of molten iron, and even small directed stresses 
cause it to yield by the mechanism of power-law creep (Ashby and Verrall, 1977). 
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liquid 
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Fig. 4. Radial columns in an internally melted small planet. A: the simple case in 
which the melted zone is enclosed by an integral shell of unmelted rock. B: the more 
•"ealistic case where the unmelted shell fractures and founders, resting on cumulate 
olivine in the melted zone; silicate melt is erupted to the planetary surface. 

C: the effect of deformation of olivine in the pallasitic layer is to squeeze inter- 
cumulus liquids out of it, closing the olivine cumulate layer into pure dunite. 







Fig. 5. Positions of the .’fj leve’* (which define the thickness of the 

pallasite zone), as a function of the tucal size of the metal + pallasite zone 
(the core). All values are relative to the overall radius of the planet (ff); 
the relationships are independent of absolute size. Dashed portions of curves 
correspond to unrealistically large cores, larger than would be produced by 
total melting and differentiation of ordinary chondrites. 


Total deformation (y, where y = 1 corresponds to the shear strain needed to deform a 
right angle to a 45° angle) equals the strain rate (y) times the time (aT) needed to cool 
to solidification. Taking 

o = (5 X 10*®).'f2 

(o = directed stress in Kbar, F - planet radius in km; from the above calculations), 
y = (4.6 X I0“)o-’-^' 

for olivine in the temperature and shear stress regime of interest (Ashby and Verrall, 
1977), and 

Ar = (2 X lo3)/f2 

from cooling rate calculations made by the author (a.' in years; assuming a site at 
depth = 0.5A, and cooling through the temperature range lbG0°-1400"C), the relationship 
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between planetary dimension and total deformatioi experienced by pallasitic olivine is 
found to be 

V = (3.4 * 10-p)A'’-82 (2) 

This relationship is plotted in Figure 6 (uppermost curve). 

Deformation great enough to obliterate the characteristic pallasite geometry would be 
experienced by olivine crystals at the core-mantle interfaces of planets larger than %10 km 
radius. Olivine deformation in these circumstances would have the effect of squeezing mol- 
ten metal out the bottom of the pallasitic layer and molter. mafic silicate out the top of 
the overlying layer (Figure 4c), resulting in a stable layer of virtually pure dunite. 

Since Equation (Z) applies only to level and the directed stresses and y taper to 
zero at Ri, it might appear that only the upper portion of the pallasitic layer was in 
danger of obliteration in lar'ge planets. However, the dashed curves of Figure 6 make it 
clear that no significant portion of the pallasitic layer in a planet much larger than 
10 km radius would survive destruction. 




Rodius of plonet, km 


Fig. 6. Total deformation experienced by pallasitic oliv- 
ine during cooling of a small planet, as a function of the 
planet's dimension. The curve labeled 1 represents olivine 
■it the .‘i’t interface, where stresses are greatest; the 10*’ 
curve appli.' at a level 10*’ of the distance between A’l 
and /? 2 , and so forth. 
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Deformation experienced In >100 km planets (such as Figure 2 appears to require as a 
cooling site for pallasites) Is excessive by such a large factor (;1P®1 that pwpn npnpmuc 
allowance for the uncertainties attached to the estliiate does not -nake it possible to rec- 
oncile the circumstances of formation with the circumstanres ing of palla<;<tes. 

It appears ineeoapablc that the paltr-'-tea sol’’ lifted in amV' (‘''J km) bodies, bu*- tiiese 
subsequently ms*. ',ia\>c joined larjer (>100 km) bodies before . tl er'ling through 500'’ C 
ocaurred. The s ze and energy requirements and the timing of the fif^t generation of bodies 
are consistent with the Goldrelch-Hard mechanism of planetesimal formation by gravitational 
Instability of a dust disk within the primordial nebula {’^ ' and the -®A1 content of early 

solar system material (Lep et al., 1977). Presumably the iocond generation was accun.ulated 
by planetesimal encounter, over a longer time period, ufter tne dissipation of the neoula. 

Thus It appears llxely that the (>ecc..d generation) parent meteorite planets did in 
fact have "raisin bread" structures, as a consequence of their assembly from smaller dif- 
ferentiated bodies; but there Is no reason to expect that -he "raisins" In any particular 
second-generation body were geochemically related. It is ^uite possible that "Hist nr all 
Iron meteorites went through a similar two-stage history, oeing melted and di fferenf ated 
In a small body then cooling as a "raisin" in a larger planet, but there is no obvious way 
to test this. The Iron meteorites may huve formed as cores interior to pallasitic layers, 
or their first generation bodies may have been too large to permit the survival of signifi 
cant amounts of pallasitic materiil. 
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DISCUSSION 

GROSSMAN; I would like to know if the boundaries in Figure 1 change depending on the pro- 
portions of CaO, MgO, etc.? I am wondering whether the particular section you are 
showing is sensitive to these proportions. 

WOOD: If by proportions you mean changing the modal forsterite to anorthite ratio, no, the 

boundaries do not change. A1' the isopleths of A1 in the Ml site of orthopyroxene and 
the boundaries shown in Figure 1 are valid for the mineral assemblages listed, irre- 
spective of the mineral proportions. 

GROSSMAN: I wonder if you ought to stretch the point to include up to 12 Kbars on the 

spinel minerals? 

WOOD: It is important to first specify what sort of spinels you are referring to. Mg and 

Al-rich spinels in equilibrium with olivine and two pyroxenes would indeed reflect very 
high pressures. In this case plagioclase would no longer be stable with olivine. How- 
ever, chromite-type spinels can be in equilibrium with olivine, plagioclase, and two 
pyroxenes at very low pressures (t.e. , 0-1 Kbar at about 850°C). The Mg-rich spinels 
of chondritic Ca, Al-rich inclusions coexist with minerals other than those given in 
Figure 1; the figure is not applicable to spinel + melilite + fassaite, etc., assem- 
blages. 

ZELLNER: Apparently you must have at least one parent body of 500 km diameter. 

WOOD: That is what is implied in Figure 2, where the diameter jumps from 200 to 500 km. 

But I am not sure you couldn't achieve the lowest cooling rates in somewhat smaller 
bodies. 

ANDERS: Isn't it still true that the very lowest cooling rates, below a degree per million 

years, are a paradox, being found in some of the unequilibrated ordinary chondrites 
that are volatile-rich and which seem to have had a fairly gentle temperature history? 
To get these low cooling rates, one has to go fairly deep inside a large body. The 
second paradoxical category is mesosi derites, where I think you pointed out that they 
would not cool to a reasonable temperature in the entire age of the solar system. 

WOOD: Yes, that is right, if you make the assumption that the mesosiderites have resided 
at the same position in their parent bodies since the time they were formed. If you 
are willing to explore more exotic possibilities of relocation of volumes of meteoritic 
material, and to go through several generations of parent bodies, then these things can 
be worked out. 
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ANDERS: Isn't It possible that the method works reliably for irons but occasionally mal- 
functions for mixtures of silicate and iron? I think your cooling rates for ordinary 
chondrites certainly are very plausible. But those for the other types of meteorites 
such as unequilibrated chondrites, mesosiderites and pallasites (again mixtures of 
stone and iron), all come out suspiciously lower. I wonder if there isn’t something 
in the method that goes sour. 

WOOD: I personally don't believe so. The fact is, the first data that indicated a very 

low cooling rate for a mesosiderite was not gotten by me or Powell on the basis of 
isolated metal grains. It was gotten by Short on the basis of a nodule in a mesosider- 
ite that displayed integ'^al Widmanstatten structure, and on the basis of the old clas- 
sical cooling rate method he came up with that slow cooling rate. The work was never 
published, although it appeared in an abstract for a Meteoritical Society meeting. 

Short had a small piece of an iron meteorite there; the cooling rate he derived from it 
should be as reliable as the cooling rates gotten for octohedrites. 

ANDERS: I think there is one very important clue that you omitted which can lead to a 

totally different conclusion. Namely, quite a number of pallasites have olivines at 
the top and at the bottom and a clear channel of metal in the middle. This comigura- 
tion is not in hydrostatic equilibrium. In my 1964 review I pointed out one way to get 
tnis is to have an olivine zone overlying a core and then mix these two by shock. Ob- 
viously such configurations could not have persisted if the materials had remained 
molten for a long time. It is only the momentarily liquid state after shock, followed 
by instantaneous freezing, that allows this to survive. 

WOOD: I didn|t have time to address all aspects of pallasites. There are some properties 

of pallasites and some types of pallasites that have clearly been affected by dynamic 
situations, where there was an injection or intrusion of molten metal. Indeed, the 
fact that some pallasites consist of olivine fragments rather than nicely rounded crys- 
tals bespeaks some sort of violent event. The fact is, however, a great many, perhaps 
most of the pallasites, do consist of rounded olivines in nicely ordered, close-packed 
arrays, as was shown by no less than Lord Rayleigh. To that you would have to add a 
caveat to the effect that some of these parent bodies suffered shocks or stresses or 
techtonic events during the crystallization of their cores that allowed still molten 
metal to intrude regions that had begun to solidify. The regions of olivine crystals 
at the two ends of the particular specimen that you speak of are in close-packed array. 
The violent event that injected metal between them could not really have been the same 
event that filled in the spaces between these nicely ordered arrays of olivine crystals. 
The crystals just wouldn't stay together; they would scatter out. 

VEVERKA: Two points. First, a crucial question is what is the effective g? We can reduce 
g by considering rotation. In fact, if the original bodies had very rapid rotation 
periods (^<2 hrs), then g would have been close to zero, or at least very small through- 
out the body. Thus for rapidly rotating bodies deformation may have been small even at 
great depth. As long as g wasn't exactly zero, gravitational settling could still be 
invoked as Goles, Fish and Anders showed in 1960. Second, a discussion of the uncer- 
tainties in the exponent of a, which is a component of Equation (2), is needed. Two 
aspects nee'^ to be considered. First, in the actual laboratory measurements is the 
exponent determined to ±0.1, ±0.5, or what? Second, how well can one extrapolate the 
exponent to the present case? The argument about the need for two generations of 
"parent" bodies hinges in part on the high exponent of a. Could the exponent be re- 
duced to 5? Would that change the conclusions? The argument that two generations of 
parent bodies are needed to account for the pallasites hinges on Equations (1) and (2). 
In Equation (1) it is essential to make sure that the correct g is being used. In 
Equation (2) it is essential that the correct exponent is being used. 

WOOD; Let me address the second point first. The relationship between stress (o) and the 
strain rate (y) of olivine is based on experimental data by Durham and Goetze (Plastic 
flow of orientated single crystals of olivine. J, Geophys. Res. 82, 5737-5753, 1977), 
at 1600“C in the stress range 0.2-0. 5 Kbar. This corresponds to conditions at the 
core/mantle interface of planets of approximate total radius 200-300 km. Outside this 
range, the stress-strain re1ationshi|: depends upon formulae based c he theoretical 
analysis of creep mechanisms by Ashby and Verall (1977), which is fi.ced to the data 
of Durham and Goetze and also to the data of other authors at lower temperatures and 
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higher stresses. The exponent of a found by Durham and Goetze is actually higher than 
the value used by me {3.6 ♦ 0.3, versus 2.91). This is because my formula is based on 
a curve I fitted to Ashby and Verall's extrapolation (in an attempt to embrace the 
stress range 0.01-1 Kbar), rather than to Durham and Goetze's data. I am not really 
qualified to critically evaluate Ashby and Verall's modtling, but note that if I went 
with the experimental data inctead, the exponent in Equation (2) would be even higher 
than it is, and the point this paper attempts to make would be even more compelling. 

The experimental data only goes down *o a planetary radius of -^200 km, but even a mod- 
est extrapolation of the experimental stress-strain relationship to smaller dimensions 
suffices to exclude the possibility that the pallasites crystallized in planets as 
large as their cooling rates indicate. The effects of rotation are interesting to con- 
sider. Centrifugal acceleration would tend to offset gravity most beneath a planet's 
equator, and there the pallasitic structure might be preserved in arbitrarily large 
planets if they were spinning fast enough (t.c. , at just less than the stability limit). 
The centrifugal acceleration would go to zero at the poles of the planet, though, and 
there the pallasitic structure would be vulnerable. However, if Equation (2) is valid, 
the deformative stresses that would act in a nonrotating planet are excessive by such a 
large factor (>10®, as noted toward the end of the article) that it seems unlikely 
pallasites could be saved from collapse by rotation. First, if the centrifugal accel- 
eration were less tnan gravitational acceleration by even as much as 10'®, even palla- 
sites beneath the equator would be doomed. This leaves an extremely narrow window of 
rotation velocities that would do the job, since the planet would fly apart if the 
centrifugal acceleration exceeded the gravitational acceleration by very much. Second, 
even if rotation exactly offset gravity at the equator, one would only have to go to 
latitudes >'vl0”8 radians above and below the equator to find the component of centri- 
fugal acceleration no longer adequate to preserve the pallasites. 
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MOST STONY METEORITES COME FROM THE ASTEROID BELT 

EDUARD ANDERS 

Enpioo Fermi Institute and Department of Chemistry 
University of Chicago ^ Chicago, Illinois 60637 


The place of origin of stony meteorites can be determined from 
their trapped solar-wind gases. "Gas-rich" meteorites of all 
classes have only 10* ^-lO"** the solar noble gas content and 
£l0*^-10"** the surface exposure age of lunar soils. These dif- 
ferences suggest that the gas implantation tojk place between 
1 and 8 AU from the Sun, in a region where the cratering rate 
was 10^-10^ times higher than at 1 AU. Both requirements are 
met by main belt asteroids, not by long- or short-period comets, 
by Trojan asteroids, or by stray bodies in thinly populated 
parts of the inner solar system. The observed prevalence of 
gcS-rich meteorites (up to 100% among carbonaceous chondrites, 
2-33% among other classes) requires that the parent bodies be 
large enough, and remain in the asteroid belt long enough, to 
develop a substantial regolith. These conditions are more 
readily met by asteroids than by comets. The young ages of 
xenoliths in gas-rich meteorites (down to 1.4 AE) show that gas 
implantation is an on-going process in the solar system, not a 
relic from a hypothetical "early irradiation." 

L chondrites, in contrast to H chondrites, show pervasive evi- 
dence of outgassing 500 Myr ago, accompanied by shock heating 
to 950-1 250°C for centuries or millennia. Apparently the L 
chondrite parent body was not a comet, but an asteroid broken 
up at that time. 

Of 27 xenoliths (foreign inclusions) in meteorites, 20 are car- 
bonaceous (mainly C2) whereas 5 are ordinary chondrites or 
related meteoritic types. Because xenoliths are a relatively 
unbiased sample of the asteroid belt, it seems likely that 
ordinary chondrites and their kin comprise the second-most- 
abundant type of material in the belt. Thus S asteroids may 
have chondritic rather than stony-iron composition. 


SOLAR GASES: CLUES TO THE ORIGIN OF METEORITES 

The most direct evidence on the former location of meteorites comes from trapped solar 
wind (Anders, 1975). I shall present the argument from that paper in updated but greatly 
abridged form, omitting various qualifications and supporting arguments. In addition, I 
shall review a few other lines of evidence bearing on the problem. 


Do Gas-Rich Meteorites Com from Regoliths? 

AlTOst every stony meteorite class has several "gas-rich" members that are brecciated 
and contain a characteristic noble-gas component, of solar isotopic and elemental composi- 
tion (Table 1). Wanke (1965 and earlier par<»rs) was the first to suggest that this compo- 
nent represents solar wind trapped by meteoritic dust in the regolith of the meteorite 
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Table 1. Prevalence of Gas-Rich Meteorites^ 


Class 

% 

Class 

% 

Cl Chondrites 

100 

L Chondrites 

2 

C2 Chondri tes 

61 

LL Chondrites 

8 

C3V Chondrites 

60 

K Chondri tes 

25 

C30 Chondrites 

0 

Howardites 

33 

H Chondri tes 

12 

Aubri tes 

33 

^Mazor et al. 

(1970); 

Schultz et al. (1972), 


Srinivasan and Anders 

(1977). 



parent body. Because solar-wind ions have very low energies, they penetrate only a few 
hundred Angstroms into the grain, and hence are trapped only by grains residing at the very 
surface. A later impact cements these dust grains into a coherent rock, which is then 
ejected from the parent body by still another impact. All stages of this process have been 
observed in lunar samples, from fresh, unirradiated soils to welded, gas-rich breccias. 

Detailed studies of meteoritic breccias have revealed many additional parallels to 
lunar breccias: charged particle tracks, microcraters, anisotropically irradiated grains, 
radiation damage, etc. (Wilkening, 1970; Barber et al., 1971; Macdougall et al., 1973, 1974; 
Poupeau et al. , 1974; Rajan, 1974; Maurette and Price, 1975; Price et al.., 1976; Goswami 
et al., 1976). The consensus that has emerged from this work is that gas-rich meteorites 
formed in a regolith. Wetherill (1978) has contended, however, that only "a few" of the 
gas-rich meteorites show "the full set of these regolith features," the most clear-cut case 
being the howardites. Actually, the above studies included aubrites, H chondrites. Cl chon- 
drites, and C2 chondrites, in addition to howardites, and all showed the full set of rego- 
lith features (except that no microcraters have yet been reported from aubrites). By 
Occam's Razor, all are likely to have formed in a regolith. 



Model for the Solar Gas Content of Meteorites 

To a first approximation, the mean solar gas content G of soil from a given body de- 
pends on two parameters: the solar wind flux, which is proportional to the inverse square 

of the heliocentric distance a, and the mean surface residence time t. The latter is 
approximately proportional to the inverse of the cratering rate R, which determi-'es the rate 
at which the topmost layer is blanketed by ejecta; both old soil and freshly cri ed rock 
(Gault et al. , 1974). Thus, using symbols «> and * for the Moon and meteorite pai'^nt body, 
we can write 


= a* ^ ^ R* 

G^ Oo ^ doj Ro 


( 1 ) 


Because we know the heliocentric distance of the Moon, at least to a first approximation, 
we can use lunar soil as "ground truth" to determine the formation distance of gas-rich 
meteorites. 

The conditions under which Equation (1) is valid have been discussed by Anders (1975), 
and will not be repeated here. The principal requirements are (1) that the bombarding 
fluxes in both regions be "top-heavy" (£.e. , the exponent y in the differential mass distri- 
bution N = Am~^ must be less than 2) so that the dominant process will be crushing of fresh 
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rock rather than reworking of old dust, and (2) that the Moon and meteorite parent bodies 
retain about the same fraction of ejecta. The first requirement is met for the Moon and 
the asteroid belt, judging from the abundance of siderophile elements in lunar and meteor- 
itic breccias (Anders, 1975). It is probably also met for comets, because both comets and 
their debris (shower meteors) seem to have y < 2. The second requirement certainly is not 
met by very small asteroids or comets, which lose most of their ejecta and hence cannot 
develop a regolith. Bu*^ even a 45 km asteroid should lose only 502 of its impact ejecta, 
according to data by Gault et al. (1963), and loss of average soil should have no effect on 
Equation (1). According to a detailed model by Housen (1976), asteroids of p = 100 km and 
20 km can accumulate regoliths of -v-lOO m and -x-lO m in 10^ years. 

A referee has questioned the approximate inverse proportionality of t and R in Equa- 
tion (1), because blanketing* would involve mainly recycled grains on the Moon and mainly 
fresh grains on an asteroid. In the first place, we are concerned primarily with the re- 
lation between G and t, not R, and that relation is exact whether the blanketing is done by 
a fresh or a recycled grain: the integrated gas content per unit time and area is the same 

no matter how many grains share in the integrating. 

Second, though the relation between t and R does indeed require that the major part of 
the ejecta be freshly crushed rock rather than recycled grains, it can be shown that this 
condition is met for all practical purposes. A quantitative statement of this condition is 
that the integrated flux of era ter- forming bodies of mass 0 to ,V (where .v = mass of largest 
body to strike the planet) be large compared to the flux of bodies unable to penetrate the 
average regolith, of mass range 0 to m: 


F - 




( 2 ) 


where <? is the exponent in the cumulative mass distribution. On the Moon, the mare regolith 
is typically about 5 m thick, so m ■vlO^ g. With M = 10*^ g, corresponding to a 10 km body, 
and o - -0.17 (corresponding to y = 1.83; Dohnanyi, 1971) we obtain F - 110, so the propor- 
tionality is good to 1*. Fop a hypothetical asteroid wiLh a 100 m regolith, m - 10^^ c and 
M = 10*^ g, so f = 10.5 and the proportionality is good to 102. 

Actually the agreement is not quite as good, because the mass distribution steepens 
below 10^ or 10® g (Chapman, 1972), and the upper limit of integration is not well defined, 
because the ejecta from the largest craters are not distributed globally, and so do not con- 
tribute fully to the average regolith (Ganapathy et al. , 1970).** However, there is direct 
evidence for the dominance of juvenile grains in lunar soil cores and especially meteoritic 
breccias. Charged-particle track studies have shown that grains from a given layer differ 
in exposure time by 'V'10^-10^, with the median exposure typically an order of magnitude be- 
low the maximum (Poupeau et al. , 1974; Price et al. , 1975; Goswami et al. , 1976, and many 
references cited therein). And the amount of meteoritic material in lunar soils (1-1.52 in 
mature soils; down to 0.09" in young soils; Krahenbiihl et al. , 1973) is comparable to that 
in gas-rich meteorites (l-4», Laul et al. , 1972; Chou et al., 1976; Hertogen et al. , 1978), 
so that on both bodies, dilution by fresh rock keeps pace with addition of meteoritic mate- 
rial. In any event, since the differences we shall try to explain amount to 2-3 orders of 
magnitude, errors of even a factor of 2-3 are of no consequence. 


* "Blanketing" is a more accurate term than the widely used misnomer "gardening," because 
the mixing process is not a simple overturn but a "biased random walk," where many small 
increments alternate with occasional large decrements (Laul et al. , 1971). 

**0n the other hand, large craters contribute heavily to the total volume of the regolith, 
which is relevant to some aspects of this problem, e.q. , the abundance of nas-rich 
meteori tes . 
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Formation Diatanoe of Goa- Rich tkiteoritea 

According to Equation (1), the gas content G should be proportional to surface expo- 
sure age t and the Inverse square of the heliocentric distance a (Figure 1). We can cali- 
brate this relation by means of lunar soils (open symbols), which are knoun to have formed 
at 1 AU. Because lunar soils lose Ne owing to temperature and saturation effects. It was 
necessary to calculate corrected Ne values from the Xe content, using the Ne/Xe ratio. 

(This correction has somewhat Improved the correlation of G and t, as shown by a comparison 
of the large and small symbols). The "10 AU" line represents dependence of the solar 
wind flux. 


Fig. 1. Relation between solar-gas 
content and surface exposure age as a 
function of distance from the Sun 
(Anders, 1975). Cosmic-ray exposure 
age of meteorites is only an upper 
limit of the surface exposure age, and 
Ne^o content may be too low because of 
saturation effects; thus all meteor- 
itic points should be shifted toward 
the upper left. Regardless of class, 
gas-rich meteorites have systematically 
lower gas contents and exposure ages 
than do lunar soils. Their parent 
bodies must have been located in a 
region of lower solar wind flux 
(1 < a < 8 AU) and higher cratering 
rate. Both characteristics point to 
the asteroid belt. 
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The surface exposure age can be measured by different radiation effects, and generally 
increases with the penetration depth of the radiation (Table 2). For our analysis, the 
solar wind exposure age is relevant, but since it is not known for most meteorites, we shall 
use the cosmogenic noble-gas exposure age as a substitute. Though these two quantities are 
by no means equivalent (they measure the residence time in the topmost few hundrei Angstroms 
and topmost meter, respectively), there is evidence that they are proportional to each other. 

However, for meteorites this proportionality is less strictly valid, because the cosmic- 
ray exposure age also includes the transit time to Earth, when the meteorite was again bom- 
barded by cosmic-rays. To minimize this effect, I have selected meteorites of short exposure 
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Table 2. Different Types of Surface Exposure Age for Lunar Soils 


and Gas- 

Rich Aubrites 




Effective 

Age (yr) 


Effect 

Depth 

(cm) 

Lunar Soils^ 

Aubri tes 

Solar Wind 

-ulO*® 

10®-10^ 

1-100 

Solar Flare Tracks 

o 

1 

10®-10^ 

10®-10“ 

Galactic Cosmic-Ray Tracks 

10 

10® 

10® 

Cosmogenic Noble Gases 

100 

1-10 X 10® 

3 X 10^ 


\al (1975). 

^Poupeau et at. (1974). 


age, but since the transit time is always finite, these ages must be regarded as upper lim- 
its of the surface exposure age, which we are after. Arrows are inserted to remind us of 
this fact. In two cases where the transit time was independently determined from the Al^® 
content (Nogoya, Pantar), the surface exposure age seemed to be on the order of 10^ years 
(Anders, 1975). Different samples of the same meteorite are connected by solid lines. 

The Ne^° contents also may be somewhat too low, owing to diffusion losses. The correc- 
tion should be much smaller than for lunar soils, because gas-rich grains in meteorites 
generally lack the radiation-damaged, amorphous surface layers, which are very leaky and 
are responsible for most of the gas loss from lunar soils (Ducati et at. s 1973; Poupeau 
et al. t 1974). Precise corrections cannot be estimated from the Ne/Xe ratio, owing to the 
presence of planetary Xe, but it seems likely that the correction factors are smaller than 
5x or perhaps even 2x. Vertical arrows indicate the direction of the correction. 

Gas Content and Surface Exposure Age. In spite of these uncertainties. Figure 1 re- 
veals two stark and simple facts: meteorites have shorter exposure ages and lower gas 
contents than do lunar soils, by 1-3 and 3-5 orders of magnitude, respectively. Errors in 
these quantities cannot account for this difference. Exposure ages for meteotites are 
upper limits because they include the transit time, but any correction for this effect can 
only en,.irge the difference. Ne^® contents are lower limits, but are unlikely to be in 
error by more than a factor of 5. Moreover, Price et at. (1975) have shown that this un- 
certainty can be circumvented by using solar-flare track density rather than Ne^® content 
as an integrator of solar corpuscular radiation (Figure 2). Here the total radiation dose 
is given by the product /omax. where / = fraction of track-rich grains and Pmax = maximum 
track density at the edge of the grain. Two of the most gas-rich, non-primitive meteorites 
(the howardite Kapoeta and the H chondrite Fayetteville) fall two orders of magnitude below 
the most heavily irradiated lunar soils, whereas five carbonaceous chondrites fall 3-6 orders 
of magnitude below. 

Taken at face value, the meteorite data suggest a formation distance less than 10 AU, 
in some cases appreciably less: <2.6 AU for the C2 chondrite Cold Bokkeveld, <1.2 AU for 

the howardite Kai-oeta, and <3.7 AU for the H chondrite Fayetteville. The asteroid belt 
would seem to be the most likely source. 
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Fig. 2. Product of solar-flare track 
density omax fraction of track-rich 
grains /, a more saturation-proof indi- 
cator of surface exposure (Price et al. , 
1975), correlates with cosmic-ray expo- 
sure age in much the same way as Ne^° 
does in Figure 1. Carbonaceous chon- 
drites (circles) again have lower track 
densities and ages than do lunar soils 
(crescents 1, which suggests formation at 
a greater distance from the bun, in a 
region of higher cratering rate. Differ- 
ence is less marked for howardite Kapoeta 
(K) and H chondrite Fayetteville (F). 
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Cratering Fate. These data contain still another, more decisive clue pointing to the 
asteroid telt: the low gas contents and short cosmic-ray exposure ages of .meteorites com- 
pared to lunar soils. Apparently meteorites come from a region where the cratering rate is 
much higher than at 1 AU, so that material stays at the surface for a much shorter time 
before re-burial. The asteroid belt, with its high flux of rubble, again is the obvious 
candidate. Indeed, quantitative consideration of cratering rates (Anders, 1975) leads to 
predicted Ne^° contents that agree rather well with observed values (Table 3). 

The data in Figures 1 and 2 thus show pervasive, fundamental differences between me- 
teorites and lunar soils: meteorites have consir^ontly smaller gas contents, track den- 
sities, and exposure ages than do lunar soils. The differences anount to factors of lO'-lO*', 
much larger than the approximations and simplifications involved in Equation (1). Wetherill 
(1978) maintains that these differences cannot be conclusively interpreted in terms of dis- 
tance, surface exposure age, and cratering rate until a "detailed understanding of the 
probable nature of an asteroidal regolith" has been attained. It is not clear, however, 
what physical parameters other than a, t, and F are capable of accounting for factors of 
lO’-lO^, and hence how a more detailed understanding can drastically alter the first-order 
picture presented here. 
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Table 3. Predicted Ne^*’ Contents of Lunar and Asteroldal Regollths 



Moon 

Asteroid (r = 100 km) 

Heliocentric Distance, AU 

1.00 

2.5 

Cratering Rate, cm/yr 

1 

O 

X 

00 

7.3 X 10-5 

Ne^o Flux, cc STP cm*2yr‘* 

2 X 10-® 

3.2 X 10-5 

Predicted Ne^o, cc STP/g 

8 X 10-2 

1.2 X 10-5 

Observed Ne^°, cc STP/g 

5.6 X 10-2 

2.9 X 10-5 


(Lunar soils) 

(H chondrites) 


Depth of Aeteroidal Regolitha 

There has been some controversy over the thickness of asteroldal regollths; In par- 
ticular, whether asteroids can develop thick enough regollths to account for the great 
abundance of gas-rich meteorites (Table 1). Let us approach this problem empirically, and 
see what the meteorites tell us about the regollths of their parent bodies. 

Wanke (1966) has made the important observation that gas-rich H chondrites show essen- 
tially the same cosmic-ray age distribution as do all H chondrites, and are present not only 
I In the continuum but also in major peaks such as those at 5 Myr and 22 Myr (Figure 3). This 
shows that a gas-laden regolith must extend to sufficient depth to assert itself even in the 
larger and deeper Impacts. 
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Fig. 3. Cosmic-ray exposure ages of gas-rich H chondrites (top) peak at 
the same values (5 and 22 Myr) as the ages of all H chondrites, and the 
proportion of gas-rich meteorites In the continuum is comparable to that 
in the peaks. Evidently large and small impacts eject about the same 
proportion of gas-rich meteorites, which suggests that solar-wind irradi- 
ated regolith material comprises a roughly constant fraction of the outer 
layers, down to at least the depth of the largest crater, 0.5- 1.2 km. 
(From Wanke, 1966). 
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Let us roughly estimate a minimum depth for the largest event in Figure 1, the 5 Myr 
peak. Some 472 of all dated H chondrites are in this peak, and since H chondrites com- 
prise 372 of all chondrite falls, the 5 Myr peak contributes some 17" of the annual influx 
of chondrites, -vlO® g/yr (Weth»rili, 1977^ If the dynamical mean life against planetary 
capture is 30 Myr, and one-third of these meteorites eventually fall on Earth, then the 
total reservoir of H chondrites from the 5 Myr impact is 1.7 x g. 

This value includes only material in the meteoritic mass range (10^ g - 2 x lo^ g), 
and we must therefore integrate the mass distribution to larger masses--say 2 * 10*'’ g, 
corresponding to a diameter of about 100 m. If we do this for two extreme choices of the 
population index a in the cumulative size distribution, 2.5 and 3.6, we obtain 2.2 * 10’^ g 
and 2.0 x 10** g for the total mass. 

From these values, we can find the size of the crater. With the Short and Forman (1972) 
relation for the volume of the crater, and a depth/diameter (h/p) ratio of 0.35, we obtain 
D - 3.3 and 1.7 km and h - 1.2 and 0.53 km. According to Figure 1, the fraction of gas-rich 
meteorites in the 5 Myr peak is 10/72 = 0.14, so if this figure is representative, then the 
regolith thickness would have to be 160 m or 70 m for the two cases. 



Actually, the true thickness must be much greater. Wanke (private communication, 1967) 
has pointed out that each of the larger peaks in the radiation age spectrum (Figure 3) con- 
tains chondrites of all petrologic types, from H3 to H6. It does not seem plausible that 
all these types originated in a shallow zone of -v-l km depth. The peak metamorphic tempera- 
tures of H3 and H6 chondrites differed by at least 300‘’C (<600’C vs. 950 t lOO^C; Wood, 1967; 
Onuma et al. , 1972), and it seems very difficult to establish such a steep temperature gra- 
dient over a distance of less than 1 km, let alone maintain it over the -vlO yr duration of 
metamorphi sm. 

The obvious answer is that the H chondrite parent body has been extensively mixed by 
earlier, larger iin)acts, so that meteorites of all petrologic types, as well as regolith 
material, are closely juxtaposed and are ejected together even by small-scale impacts. T.'ie 
original stratigraphy may have resembled that of the L "hondrite parent body (Figure 4), as 
reconstructed from the observed frequency of petrologic types. (There is evidence that the 
L chondrite parent body was completely shattered in a collision about 500 Myr ago (Anders, 
1964; Heymann, 1967; see also section entitled "Outgassing of the L Chondrite Parent Body"), 
and so the L chondrites falling on Earth may be a relatively unbiased sample of this body.) 

If so, then mixing and br elation must have penetrated at least 0.12 r into the H chondrite 
parent body, to expose the H6 layer. 


Fig. 4. Cross section of L chondrite 
parent body, showing volume fraction 
occupied by each petrologic type. 
Because L chondrite pare it body seems 
to have completely broken up about 
500 Myr ago, volume fraction of each 
petrologic type should be proportional 
to its observed frequency. 
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Apparently, the H chondrlte parent body thus has a substantial "megaregollth" 
(Hartmann, 1975). A rough Idea of Its average depth may be obtained from the abundance of 
solar Ne^° In meteorites. The mean solar Ne^° content of 34 gas-rich H chondrites (Schultz 
and Kruse, 1977) is 2.9 * 10*® cc STP/g. With a solar Ne^® flux of ’ ’ x 10*® cc cm"2yr*i 
at 2.5 AU, a 14 km layer of such materiai could be produced in 4.6 . Three observations 

suggest that this material actually is unevenly mixed through a larye volume of the body: 
the wide variation in solar Ne^® content among gas-rich H chondrites ('^lO^x), the coexis- 
tence of H3 to H6 material in a single gas-rich .-neteorite, and the simultaneous ejection 
of H3 to H6 material in small cratering events. In the light of these observations, it 
seems unlikely that the original accretional stratigraphy has been preserved in meteorite 
parent bodies. 

These obaervationa (as distinct from inferences) also seem hard to reconcile with the 
frequent assertion that asteroids can only have thin regoliths. The observations are well- 
documented, and so perhaps the fault lies with the models that predict thin regoliths on 
asteroids. 


ASTEROIDS OR SHORT-PERIOD COMETS? 

Granted that the gas implantation took place in the asteroid belt, was the meteoritic 
substrate itself asteroidal or cometary? Short-period comets traverse the asteroid belt in 
the final phase of their history, and could conceivably develop a gas-rich regol.th during 
that period. There are four lines of evidence bearing on this question. 


Chemical Corrpoaition 

Comets appear to have carbonaceous chondrite composition, judging from metec 'pectra 
(Millman, 1972) and from the abundance pattern of the micrometeorite component in .unar 
soils (Ganapathy et al. ■, 1970). Thus they could indeed serve as a sourre of gas-rich car- 
bonaceous chondrites. It seems unlikely, however, that they could also furnish the less 
primitive types of gas-rich meteorites: howardites, aubrites, or ordinary chondrites. All 

these classes have had a prolonged, high- temperature history under dry conditions, which is 
hard to reconcile with the volatile-rich composition of comets. Other arguments against a 
cometary origin have been given by Anders (1971). 


Prevalence of Goa-Rich Meteoritea 

One important constraint is the common occurrence of gas-rich meteorites in nearly all 
classes of stony meteorites (Table 1). The only exceptions are eight rare classes, with a 
total of 49 members: E chondrites, C30 chondrites, diogenites, ureilites, nakhlites, 

angrites, and chassignites. 

Thus a fairly large fraction of the source volume of meteorites must have been trans- 
formed into a gas-laden regolith. Comets are doubly disadvantaged relative to asteroids 
in this respect: typically, they are 1-2 orders of magnitude smaller and spend J orders of 

magnitude less time in the asteroid belt. A calculation analogous to that in Table 3 shows 
that a 30 km comet would develop a regolith of only 4 m tMckness in 10’ yr. corresponding 
to 4 - lO"** the mass of the body. This is clearly insufficient to explain the high abun- 
dance of gas-rich meteorites. Moreover, since much of this material was near the comet's 
surface for 4.5 AE, it would show a high cosmic-ray exposu>"e aj', contrary to observation 
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Early Irmdiation 

The preceding objections against a cometary origin of chondrites at least cculd be 
dismissed if cometary matter had acquired its solar gases in a hypothetical "early ir idi- 
ation" in interplanetary space, rather than on a regolith. But there are numerous objec- 
tions against this idea. 

Owing to the low energy of solar wind ions, the gas must be removed to a residual 
density of <10^ mclecules/cm^, some 9 orders of magnitude lr:s than the initial density ir 
the solar nebula. It is not obvious how the gas can be removed without carrying the dust 
along. Also, on this hypothesis, accretion of comets and ejec.ion to the Oort belt still 
have to take place after irradiation, yet the gas which both processes require is already 
gone. 


Moreover, there exist C2 chondrites without solar gases, and others with gas-rich and 
gas-poor portions of otherwise identical mineralogy (Nogoya, Murray, Mokoia, etc.). 

Wetherill (1978), who considers an early irradiation “^o be a viable proposition, has not 
explained how inese r s-poor materials are to be protected against the early irradiation, 
now they are to be moird with irradiated material only of the same mineralogy, and how the 
correlation in figures 1 and 2 is to be accounted for. 

Most important, the compaction ages of gas-rich meteorites are consistently s.iorter 
than 4.55 AE, c.g., 4.22 to 4.42 AE for carbonaceous chondrites (Macdougall and Price, 1974; 
Macdougall and Kothari, 1976), <1.4 AE for ordinary chondrites (Schultz and Signer, 1977). 
and <3.6 AE for the howardite Kapoeta (Dymek ct .il. , 1976). Thus, yas-nch meteorites must 
have been made by processes that still operated in t ‘ 2 solar system 1.4 AE ago, not by that 
durable chimera, the "early irradiation." 


Oi’.tgaseing of the L Chondrite Parent Body 

A reculiar trait of L chondrites is the preponderance of short K-Ar and U-He ages, 
which are discordant between 1 and 4 AE but become concordant at 0.5 AE (F’gure 5). Tnese 
short ages correlate with shock and reheating symptoms, and the obvious explanation there- 
fore is that the L chondrUe parent body broke up 0.5 AE ago (Anders, 1964; Hey ..ann, 1967. 
Taylor and Heymann, 196<3, 1971; Turner mid Cadogan, 1973; Bogard ct a?., 1976). The high 
proportion of strongly heated meteorites (950-1250 C; Wood, 1967, Smith and Goldstein, 

1977) ii;iplies a high input of kinetic energy per unit mass, and hence a high projectile/ 
target mass ratio. The slow cooling rates of many of the heated meteorites (0.01-1 degree/ 
year) suggest that the primary fragments were of kilometer dimensions. 

At least two-thirds of the known ' chondrites bear the signature of this 500 Myr re- 
heating event, and hence must have been contained in one or at most two bodies at that time. 
This is ea^y to reconcile with an asteroidal but not with a cometary origin, because comets 
surely did not originate in a single collision, nor were they heated to -1000 for centuries 
or millennia afterwards. 

Wanke (1966) and WetheriP (1978) have questioned this interpretation. In their view, 
the gas ’oss occurred during the final collision that ejected the decimeter-sized meteorite 
from its parent body, and corresponds to the onset of cosm'u-ray exposure. The radiogenic 
"age" of 500 Hyr then does not represent a true age, but merely the fortuitous retention of 
some 6 of the He** and 3 jf the Ar‘*®. 

" This hypothesis does not explain why short gas-retention ages art '"uch more convion 
among L than anong H chondrites (Figure 5) and why they occur ac»-oss the full range of 
cosmic-ray ages (Figure 6). If the gas loss took place only during the impact correspond- 
ing to the cosmic-ray age, why are these impacts always more severe on the L chondrite 
parent body? Studies at lunar and terrestrial craters show that the major oart of the 
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Fig. 5. L chondrites show a large proportion of U-He ages less than 2 AE, 
accompanied by shock ard reheating effects in most cases (Taylor and 
Heymann, 1969). Because these ages tend to become concordant with K-Ar 
ages at 0.5 AE, it appears that large poitions of the L chondrite parent 
body here reheated and outgassed at that time, presumably by a collision 
th;t H^oduced a Hirayama family. 
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Fig. 6. Regardless of cos.-.c ray age, short U-He ages are common among 
L chondrites but rare among H chondrites. Many of these meteorites also 
were shock-heated to 950-1250°C and cooled at rates of 0.01-l°/yr, corre- 
sponding to burial depths of up to 1 km or more. Consequently, the gas 
loss and reheating cannot have been caused by the impact triggering the 
cosmic-ray exposure era, but by an earlier, larger event. (From Wanke, 
1966). 





ejecta is only lightly shocked, and does not have Its gas-retention ages reset. Wholesale 
gas loss, as for the L chondrites (Figures 5 and 6) Is very much the exception, and needs 
to be explained by some exceptional event, such as the collision of two bodies of compa- 
rable size. 

Moreover, metal lographic studies show that many shocked L chondrites cooled at rates 
of 1 to 0.01 deg/yr, corresponding to burial depths of a kilometer or more. But the Impact 
that started the cosmic-ray exposure by definition must have reduced the meteorite to less 
than a meter in size, and so cannot be responsible for the heating at 1000 m depth. 


METEORITES AND ASTEROIDS 


Hineralogy and Accretion Tenperature 

Evidently, gas-rich meteorites formed as recently as 1.4 AE ago, in a region 1-8 AU 
from the Sun where the cratering rate was 10^-10^ times higher than at 1 AU. These charac- 
teristics point uniquely to the asteroid belt. Moreover, asteroid mineralogy, as Inferred 
from spectral reflectivity data, matches chondrite mineralogy to first order. Asteroids, 
like chondrites, divide Into a carbonaceous and a siliceous class, oj:d since the traisition 
from siliceous to carbonaceous mineralogy occurs at a nebular condensation tenperature of 
400°K (Larimer and Anders, 1967; Anders, 1972), It appears that chondrites and asteroids 
both condensed in the region traversed by the 400°K isotherm. 

Wetherill (1978) has criticized the condensation theory because it fails to explain 
why spectrally different asteroids occur at the same heliocentric distance. In the first 
place, the correlation of mineralogy with distance Is not bad, considering that tempera- 
tures fell not only with distance but also with time (by some 50-100°; Anders, 1972; 

Alaerts et al. ■, 1977). Asteroids formed at large distances, where even the Initial temper- 
atures were below 400°K, would be carbonaceous througnout; those at small distances, where 
even final temperatures were above 400°K, would be siliceous throughout; and those at Inter 
mediate distances would have siliceous cores and carbonaceous mantles. Breakup of such 
hybrids would give a mix of C and S objects at the same distance. 

Second, there is reason to believe that asteroid orbits have been scrambled since 
their formation. Whipple et al. (1972) have shown that the high inclination of 2 Pallas 
cannot have oersIsteJ throughout the accretion stage, but must be a post-accretional fea- 
ture caused by an unknown perturbation process. This is also true of other asteroids of 
high i and/or e. Thus the imperfect correlation between composition and semimajor axis is 
a problem in dynamics, not cosmochemistry. No matter how this problem is ultimately re- 
solved, the fact remains that both meteorites and asteroids show the distinctive change in 
mineralogy expected at 400°K. Hence both must have formed in a region o; space traversed 
by the 400°K isotherm. 


Xenoliths 

All of the objects proposed as meteorite parent bodies--asteroids, comets, Apollos-- 
have orbits that cross at least part of the asteroid belt for at least part of their his- 
tory. During that time they sweep up a random sample of asteroidal debris, and cement some 
of it into Impact breccias. Meteorites eventually carry this debris to Earth in the form 
of xenoliths (= foreign Inclusions). In this manner, meteorites act as a "poor man's 
space probe," samplln, bodies whose orbits do not allow their debris to reach the Earth 
directly, (ihere may be some discrimination against bodies of high encounter velocities, 
but tMs wir gradually lessen at least for the fine debris, as its orbits become circu- 
larized. ) 
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Fig. 7. Xenoliths (foreign inclusions) in 
meteorites provide a relatively unbiased 
sample of material in the asteroid belt. 
Carbonaceous chondrites, especially C2s, 
predominate, accounting for 20 out of 27 
xenoliths. Ordinary chondrites and their 
relatives (Ch) are the second most abundant 
class, with five representatives. None of 
the meteorite classes tentatively identi- 
fied with S asteroids (mesosiderites, irons, 
Fe'*”*'-bearing achondrites) have thus far been 
found among the xenoliths, and so it seems 
that ordinary chondrites and their kin are 
more likely candidates for S asteroid 
material . 


Such xenoliths have been studied extensively by several workers, mainly Wilkening and 
Fodor and Keil (Wilkening, 15 <'3, 1977; Wilkening and Clayton, 1974; Fodor and Keil, 1973, 
1976). Their results, augmented by some recent work from Chicago (Leitch and Grossman, 

1977; Hertogen et al. , 1978) is shown in Figure 7. 

All together, 27 xenoliths have been found thus far, within host meteorites represent- 
ing eight meteorite classes. Of the 27 xenoliths, 20 are carbonaceous, five are ordinary 
chondrites in an extended sense (having the same mineralogy but different proportions of 
FeO and total Fe), and two are aubrites. 

Obviously, these data are of great potential value in characterizing the population 
of the (inner?) asteroid belt, though at present they are severely limited by statistics 
and by observational selection. The following tentative conclusions may be drawn from 
Figure 7 and other evidence. 

(1) The ratio of carbonaceous to other chondrites is about 4:1. This happens to 
match the ratio near the center of the asteroid belt (Zellner, 1978), but the true ratio 
must be lower because carbonaceous xenoliths are favored by observational selection. 

(2) Most of the carbonaceous xenoliths (13 out of 20) resemble known classes, and 
only a few of the remaining seven are actually new; others merely are insufficiently char- 
acterized. Among the identified carbonaceous xenoliths, C2 chondrites greatly predominate, 
as shown by detailed petrographic studies (Wilkening, 1973, 1978; Bunch, 1975). 

The statistical significance of this result is strengthened by noble-gas and chemical 
analyses of howardites, which provide a comprehensive average of the foreign component in 
these meteorites regardless of particle size (Mazor and Anders, 1967; Laul et al. , 1972; 

Chou et al. , 1976; Hertogen et al. , 1978). The foreign component characterized by this 
comprehensive method closely matches C2 chondrites (Figure 8), and thus proves that material 
indistinguishable from C2 chondrites dominates in the region of the howardite parent body. 
Because it is generally conceded that this body is located in the asteroid belt, it follows 
that C2 chondrites are very abundant in at least one part of the asteroid belt. The spec- 
trophotometric identifications of C2-like material by McCord and his students (McCord, 1978 
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Fig. 8. Gas-rich portions of howardites 
contain a foreign component, representing 
mixed interplanetary debris picked up during 
their regolith history. Abundance patterns 
of this component in Jodzie and Kapoeta show 
some resemblance to C2 chondrites, suggesting 
that C2 chondrites are the most abundant type 
of material in the region '’f the howardite 
parent body. (From Hertogen et al. , 1978). 
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and references cited therein) thus are strongly supported by tangible samples (Figure 8), 
and hence hardly need to be prefaced by cautious disclaimers. 

(3) "Ordinary chondrites" in tne broadest sense cc arise the second most abundant 
group. But only one of “"ive such xenoliths. an H chondr actually corresoonds to a 
'Ktioi.'n class. Thus the ordinary chondrites are not rare derived from 1-3 vet-to-be- 

discovered asteroids of the right reflectance spectrum. , , are samples of a rather abun- 

dant type of material, of metal content -'20 •, which is common enough in the asteroid belt 
to have contributed five out of 27 xenoliths. 


Nature of S Aatercuis 

It is suggestive that the second most abundant group of '‘'noliths matches the second 
most abundant class of asteroids, the S asteroids, in gross mineralogy. Both consist 
mainly of ultramafic silicates and metal. According to some interpretations, however, the 
S asteroids are much richer in meta' (-v50 vs. <20 ), and thus resemble either stony irons 
(mesosideri tes , pallasites) or coarser-scale (>1 cm) mixtures of silicates and metal, rather 
than chondr'^es (McCord and Gaffey, 1974; Chapman, 1976, 1977). This interpretation raises 
three questions; 
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1. Why is the second most abundant asteroid class not represented 
among xenoliths? 

2. Why are its meteoritic equivalents so rare among known falls 

(11 stony irons, or 46 irons and 67 achondrites* among 854 falls)? 

3. Why is there no asteroidal equivalent of the most populous class 
of meteorites, and of the Apollo-Amor objects that resemble them? 

The first question has no ready answer. The greater crushing strength of stony irons 
would cause some underrepresentation, but this is offset by the inconspicuousness of ordin- 
ary chondrite xenoliths in ordinary chondrite hosts. 

To answer the second question, one might postulate dynamical barriers that prevent the 
great majority of S asteroids from dispatching fragments to Earth. But this seems unlikelyr 
since S asteroids are the second most abundant class of asteroids, and are fairly evenly 
spread through the inner half of the belt, they should contribute their share of meteorites 
and Apollo-Amor objects leaving the belt through various escape hatches. Though their pre- 
sumably greater crushing strength might cause them to be underrepresented relative to C 
asteroids, their concentration in the inner half of the belt, where most of the escape 
hatches are, would offset this factor. Iron meteorites have still higher crushing strengths, 
and yet about 12 classes of irons (of very diverse chemistry, cooling rate, and hence nebu- 
lar place or origin (Kelly and Larimer, 1977; Scott and Wasson, 19751) do get out in copious 
numbers, although (metallic) M Asteroids are much rarer than S asteroids. And so do various 
kinds of achondrites, though their asteroidal counterparts are either unobserved, or, in the 
case of Vesta, unfavorably situated for transmission of meteorites to Earth. Since these 
rare types are able to assert themselves, and reach Earth in significant numbers, it is not 
clear how the far more abundant S asteroids are to be prevented from dispatching their frag- 
ments to Earth. 

Thus we are left with two possibilities. Either the S asteroids are stony irons, in 
which case we must explain why they are outnumbered in the world's meteorite collections by 
the meteoritic equivalents of much rarer or unobserved asteroid types. Or they are ordi- 
nary chondrites, in which case we must explain why the spectral reflectivity data tell us 
otherwise. A possible reason is preferential erosion of brittle silicate particles, leav- 
ing the surface enriched in metal. I, at least, find it easier to believe that the spec- 
tral reflectivity data mislead us than to accent the alternative: that the most abundant 
meteorite class has no asteroidal equivalent, and the second most abundant asteroid class 
has no xenolithic and only rare meteoritic equivalents. 
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DISCUSSION 


ARNOLD: The lunar exposure has been comparatively recent, I mean in the last couple of 

billion years. The exposures that produce these rare gases were older, presumably, and 
does one not assume that such conditions as the ratio of the age indicating flux to the 
solar wind flux constant? Certainly the lunar evidence, and conmon sense also, suggests 
if we were going back a long time, the cratering rate was considerably higher back at 
the beginning than at any later point. 

ANDERS: Some of these meteorites contain xenoliths and clasts that have been separately 

dated and some of them are as young as 1.4 billion years. This means the compaction of 
these rocks happened still more recently ’(nd therefor' the implantation of these noble 

gases did not occur at the dawn of the sr jr system but in recent times, overlapping 

the formation time of the lunar breccias. 

VEVERKA: Are these argon loss ages? 

ANDERS: For Kapoeta they are rubidium-strontium ages, for some of the others they are 

potassium-argon ages. 

WETHERILL: I think it is important that you recognize you are talking about encirely dif- 
ferent objects here. Kapoeta is a howardite which has all the characteristics of the 

lunar regolith. On the other hand, ordinary chondrites and carbonaceous chondrites 
have a very limited regolithic history, and so are not as similar as Kapoeta to the 
Moon. I think there are problems which are obscured by lumping all these meteorites 
together. 

ANDERS: I am afraid you are entirely mistaken. Ordinary chondrites and carbonaceous chon- 
drites do have essentially "all the characteristics of the lunar regolith": microcraters, 

solar flare tracks, anisotropically irradiated grains, steeo track gradients, solar wind 
gases, etc. --see the paper by Goswami et al. (1976) and eight other references cited in 
my paper. They lack the glassy agglutinates one finds in lunar breccias and in Kapoeta, 
for the simple reason that they don't contain enough feldspar to make glass--look at any 
meteorite collection and you'll see that only the feldspar-rich achondrites (like 
Kapoeta) have shiny, glassy fusion crusts. Ordinary and carbonaceous chondrites have 
dull, non-glassy crusts, because their principal minerals, olivine and pyroxene, do not 
readily form glasses. 
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CHAPMAN: Coild you define how the solar wind is being implanted in this top surface layer 

compareJ to the meter depth of exposure to cosmic rays? What are the physical require- 
ments chat you have for getting implanted gas? Is mixing required? 

ANDERS: i-or solar wind implantation, the grain must be at the very top, with essentially 

nothing between it and the Sun. As shown by Poupeau et al. (1974) in their study of 
aubrites, meteoritic grains spend much less time at the surface than do lunar grains, 
i.e., 1-100 years versus 10® years. Thus they generally do not develop the amorphous 
surface layer that is very leaky for light noble gases and prevents lunar grains from 
building up their full complement of He and Ne relative to Xe. To account for these 
short ages, some mixing or blanketing process is required. Poupeau et al. have shown 
for aubrites that the solar flare track densities imply a residence time of 10^-10'* yrs 
in the top 10 um, compared to 10®-10’ yrs for lunar grains. Most grains do not show 
evidence for multiple exposure, and so the process is best described as "blanketing" 
or "burial," rather than "mixing.” 

ZELLNER: There are on the order of one hundred S asteroids with diameters larger than 50 km. 

We have detailed spectra for a little less than half of them. So you cannot exclude 
that among the S asteroids which have not been studied by more diagnostic techniques 
there could be ordinary chondritic bodies. And we don't need a lot of them, correct? 

ARNOLD: Wetherill's argument is that there are special dynamic means to bring these things 

to the Earth. If that is true, then it is not the whole collection that is contributing 
in some proportional way, but three or four objects. There is other evidence concerning 
bunching of bombardmetiL ages and things of that kind which strengthen those arguments 
very much, it seems to me. And so it may very well be that nxDSt ordinary chondrites are 
coming from a very limited number of parent bodies which allows, as far as I am con- 
cerned, Zellner's point to stand. It may turn out that they are undiscovered. 

ANDERS: I agree that the parent bodies of the ordinary chondrites may be just a small 

subgroup of the S asteroids. But if my arguments are valid, then the majority of the 
other S asteroids are chondritic with no more than 20" metal. 

WETHERILL: With regard to the S asteroids, I don't see why they have to be a mesosiderite 
of the same sort we have in the laboratory. They could very well be differentiated 
objects which have mixtures of iron and basaltic materials on the surface, which on a 
different scale would be a mesosiderite, but they could be in our collections as basal- 
tic achondrites and as iron meteorites. 

ANDERS: If that is true-, then there should be many basaltic clasts among the xenoliths, 

and yet not one has been found. According to Figure 7 of my paper, the known meteorite 
classes comprise some 10 space probes that traverse at least part of the asteroid belt 
and collect a more or less unbiased sample. Anwng the first 27 such samples collected, 
we have found no howardites, nc eucrites, and no mesosi derites. I would argue that 
anything we don't see probably is rare, though this conclusion is limited both by sta- 
tistics and by observational selection. For example, olivine xenoliths would have been 
largely overlooked. 
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Since 1970 the physical study of asteroids has been dramat- 
ically extended by wide application of four types of observa- 
tions: spectrophotometry from 0.3 to 1.1 urn; broad-band UBV 

photometry; visible photopolarimetry ; and broad-band thermal 
radiometry. More than a quarter of the numbered asteroids 
have been studied with these techniques, and for most of them 
the data are adequate to determine approximate size and al- 
bedo and to provide a rough classification related to mineral- 
ogical composition. The specific CSM taxonomic system of 
Chapman et at. (1975) and Bowell et at. (1978) is described 
and used to organize these new data. The CSM taxonomy is also 
compared with more compositional ly specific taxonomies, and 
some future directions for both observation and classification 
are indicated. 



INTRODUCTION 

During the relatively brief span of years from the Tucson Asteroid Conference 
(Gehrels, 1971) to the present, there has been explosive growth in observational data on 
asteroids. During the first half of the 20th century and well into the 1960's, asteroid 
science had been limited almost entirely to searches for new objects and esta,..’ • jhment of 
photographic magnitudes and accurate orbital elements for the fewer than 2000 asteroids 
that were named and numbered. During the 1960's, the first major efforts to accumulate 
more physical data (photoelectric magnitudes and lightcurves, with some colorimetric and 
polarimetric work) were undertaken, Drir,6*-ily by 6. P. Kuiper and T. Gehrels at the Univer- 
sity of Arizona. Only a few dozen of the brighter objects were studied, however, and the 
interpretation of the observations was quite limited. The major watershed appears now to 
have been in about 1970, when C. R. Chapman, T. B. McCord, and their collaborators began a 
systematic program to obtain spectrophotometry of a large number of asteroids and, perhaps 
more important, to interpret their observations in terms of composition and mineralogy. 

Thus for the firr*. time it became passible empirically to test speculations concerning the 
relationships between distant asteroids and the meteorite samples under intensive study in 
terrestrial laboratories. 

The first interpretation of astero-'d spectrophotometry was presented by McCord, Adams, 
and Johnson (1970), who showed that the eflectivity of Vesta was matched extremely well by 
that of the rare bcsaltic achondrites. Shortly thereafter. Chapman, McCord, and Johnson 
(1973) published reflectivity curves for 23 asteroids and demonstrated the existence of a 
wide variety of mi nera logical types, and about the same time empirical interpretations of 
these data based on comparisons with meteorite spectra were suggested by Chapman and 
Salisbury (1973) and Johnson and Fanale (1973). 

At the same time that spectrophotometry was emerging as a major diagnostic tool, other 
new techniques for physical observation*^ of asteroids also were applied. During the 1960's 
an empirical relation between the shape of the polarization-phase curve and the albedo of a 
particulate (dusty) surface was recognized, but it was not until a series of papers published 
beginning in 1971 that J. Veverka applied this relation to derive albedos and diameters of 
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asteroids. At the same time D. Allen first used measurements of thermal infrared radiation J 
(which, unlike reflected light, is greater for a dark asteroid than for a light one) to | 

derive what he called an "infrared diameter" for Vesta, and this work was soon extended to t 

about a dozen asteroids by D. Matson. At the time of the 1971 Tucson conference these new 
methods for determining sizes and albedos were still suspect to many workers, but within 
another two years they had clearly demonstrated their value and were being widely applied. 

An important early result was the discovery by Matson (1971) that at least one asteroid-- 
324 Bamberga--had an albedo about a factor of two lower than that for any previously known 
object in the solar system. Subsequent studies have shown that most asteroids are in fact 
members of this low-albedo class. 

By 1974 the three techniques of spectrophotometry, polarimetry, and infrared -adiom- 
etry, as well as revitalized programs of UBV photometry, had been applied to about 100 

asteroids. A first attempt to utilize these data collectively to characterize the main 

belt asteroid population, including the definition of broad classifications based on phys- 
ical rather than dynamical properties, was puulished by Chapman, Mcrriscn, and 7ellner 
(1975). This paper has been widely quoted and can be taken to represent a significant 
oenchmark in the rapid recent development of asteroid science. I will use it as the point i 

of departure for the present paper, which is limited primarily to results obtained since 

1974. 

i 

As of the date of chis meeting, physical observations have been made for nearly 600 j 

asteroids— rv)re than a quarter of the named and numbered minor planets. I will discuss | 

briefly the nature of these observations and will then describe several classification ! 

schemes that have been used to organize this sudden wealth of data For the most part, I 
will be sumnarizing the original work of Bender et at. (1978) and Rowell ct at. (1978). i 

I am particularly indebted to Ted Bowell, Clark Chapman, and Ben Zellner, wno have been 
responsible for so much of the work discussed here. 


THE OBSERVATIONS 

Four kinds of physical observations have been v^idely applied to asteroids in the past t 

four years: UBV photometry; 0.3 to 1.1 urn spectropnotometry ; photoelectric polarimetry; * 

and infrared radiometry. Each of these techniques has been applied to at least 100 aster- ' 

oids. There are, in addition, several other very promising aoproachc' that have not yet ' 

had such wide application. Infrared (JHK) photometry has been obtained for about three i 

dozen (Johnson et at., 1975; Chapman and Morrison, 1976; Matson, Johnson and Veeder, 1977; \ 

Leake, Gradie and Morrison, 197R); high-r'-solution infrared spectra exist for Vesta and y 

Eros (Larson and Fink, 1975; Larson pi at., 1976; Larson, 1977); Ceres and Vesta have been 
detected by their thermal radio emission (Ulich and Conklin, 1976; Conklin et at., 1977); 
and the radar reflectivities of Ceres, Eros, Toro, and Icarus have been measured {e.g. , 

Campbell et at., 1976; Jurgens and Goldstein, 1976). In this paper, however, I will limit 
discussion to the four most widely applied techniques. 

The UBV photometry has been carried out primarily at Lowell Observatory and at the 
University of Arizona. The principal published sources are: Taylor (1971), Zellner et at. 

(1975, 1977b). =’nd '^egewij et at. (1978). However, the majority of the data are unpublished 
observations between 1975 and 1977 by E. Bowell at lowell Observatory and referred to 
by Zellner and Jowell (1977) and Bowell et at. (1978). 

Spectrophotometry with about two dozen filters between 0.3 a.od 1.1 urn has been reported 
for 98 asteroids oy McCord and Chapman 0975a, b) and Pieters et at. (1976). Three param- 
eters used tu uate for classification are R/B, the ratio of spectral reflectance at 0.70 um \ 

to that at 0.40 jrn; BEND, a measure of the curvature of the visible part of the reflectance \ 

spectrum, aid L'LPTH, a measure of the strength of the olivine-pyroxene absorption feature 
near 0.95 um. 
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Linear polarization of reflected light as a function of phase angle constitutes the 
third class of data. The observations are all from Zellner ef al . (1974) and Zellner and 
Gradie (1976 and unpublished). The parameter Pmin. the maximum depth of the negative 
polarization branch, has been measured for 98 objects and is sensitive to grain opacity 
and hence roughly to alaedo. The polarimetry also yields geometric albedo: Py more direct- 
ly, from the slope of the- ascending polarization branch and a recently recalibrated slnoe- 
albedo law (Zellner et ‘uL., 1977c, d). For albedc greater than 0.07, the oolarimetnc 
results are in quite satisfactory agreement with albedo'' and diameters from theniai radion- 
etry. It is now recognized, however, that previously published polarimetri^ alD'^dos less 
than 0.07 are inaccurate due to saturation of the slcpe-albedo law, and furthermore that 
reliable visual albedos Py cannot -Iways be inferred from polarimetric data in blue light. 
Wnereas polarimetric albedos were listed for as many as 52 objects by Zellner and Gradie 
(1976), the elimination of the low albedo objects and those observed only in the blue re- 
duces the number of polarimetric albedos to 24. 

The final observational technique is 10 and 20 um radiometry, carried c 't primarily by 
0. Morrison and his collaborators at the University o' Hawaii and at Kitt Peak and by 0. 
licnsen at Cerro Tololo. The individual observations have been • olished by Cruikshank and 
Morrison (l9/j), "errisnn (1974, 1977a), Hansen (1976), and Mr rison and Chapman \1976); 
all are summarized in a review by Merrison (1977b). In Morrison (1977b), all of the obser- 
vations have been reduced rniformly with a model based on that described by Jones and 
Morrison (1974), although entirely equivalent results could also be obtained ..ith t^e al- 
ternative model by Hansen (1977). 

In order to use all of these data for classification or any other purpose, it has been 
necessary to bring them together in a readily accessible format. Thus, beginning in 1976, 
a number of observers have joined to create a computer file of these data called IPl.hD 
(Tucson Revised Index of Asteroid Data), described by Bender .-r (1978). The types of 

data included and the individuals responsible for the files are given in Table 1. Subject 
to certain limitations, contents of the TRIAD f'le can be made available in computer print- 
out or machine- readable form to other researchers with a serious professional interest. 
Inquiries should be directed to Ben Zelliicr, who has primery responsibility for upkeep of 
TRIAD. 


Table 1. The TRIAD File 


Data Type 

Responsibi 1 i ty 

No. of '^.'jects 

Orbital Elements 

D. Benoer/Jhu 

2042 

Magnitudes 

T . Gehrel :/U of A7 

pl7 

Rotational Elements 

E. Tedesco/NMSU 

150 

L'BV Colors 

E. Bowell/Lowell Observatory 

51 7 

Photometric Sper'ra 

M. Gaffey/U of HI 

98 

Spectral Parameters 

C. Chapman/PSI 

98 

Polarimetric Parameters 

B. 7tI1ner/u of A7 

102 

Radiometric Diameters 

D. Morrison/NASA HQ 

16: 


^As of end of 1977. 





One of the first projects undertaken with the TRIAD file has been the definition of a 
simple empirical classification scheme (Bowell et al.^ 1978). In the following section I 
will describe this taxonomy, and In the final section I will briefly compare it with more 
Interpretive classifications, based primarily on the spectrophotometric subset of these 
data, defined by Chapman (1976) and by Gaffey and McCord (1977, 1978). 


THE CSM TAXONOMY 

The clear separation of many of the larger asterolos Into two albedo-color groups was 
recognized by a number of authors {e.g., Zellner, Gehrels, and Gradle, 1974; Morrison, 1974), 
and In Ch'nman et al. (1975) this natural division was the basis for the definition of 
classes called C and S. The C objects are dark and neutral In c''1or and appear to be mln- 
eraloglcally similar to the carbonaceous chondrites, while the 3 objects appear to contain 
pyroxene and olivine together with some metallic iron. The terms C (for carbonaceous) and 
S (for siliceous) were chosen with this compositional identification In mind, but It 
should be emphasized that these classes were defined purely in terms of an empirical clump- 
ing of observational parameters. Figure 1, which is a histogram of measured asteroid al- 
bedos (Morrison, 1977b), clearly demonstrates the reality of this distinction between hlgh- 
and low-albedo objects. In fairness it should be noted, however, that the division Is less 
obvious in some other observable parameters. 


Fig. 1. Distribution ... jirectly deter- 
mined geometric visual albedos for 187 
asteroids. In the CSM taxonomy, the 
low-albedo peak corresponds to tno C 
asteroids, while the broader high-albedo 
peak is dominated by the S asteroids. 

Note the strong bimodality; In sp'te of 
a real spread in albedo within each peak, 
the two albedo populations are distin't 
and do not overlap (from Morrison, 197.’b). 
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Chapman et al. (1975) used five observable quantities in their classification, and 
they were able to identify several well-observed objects, such as Vesta, that did not fall 
into the C or S groups. In subsequent papers two additional classes were defined: M ob- 
j.jcts with reddish colors, intermediate albedos, and little indication of spectral struc- 
ture near 0.95 um (Zellner and Gradie, 1976); and E objects, with flat spectra and very 
high albedos (Zellner et al.t 1977a). 

The taxonomy of Bowell et al. (1978) is a further development of the classification 
begun by Chapman et al. (.1975). Seven, rather than five, observational parameters are used 
to distinguish the classes. It is based on directly observed optical parameters and, com- 
pared with other classifications, it is independent of interpretations of asteroid mineral- 
ogy. The system depends upon the existence of discrete clusters in parameter space, with 
genuine gaps (or at leist significant depletions) between the clusters. Only where such 
natural divisions exist are meaningful distributions defined. Following previous usage, 
this system retains che class names C, S, M, and C, and it adds a new class, R. I call 
this the CSM Taxcnony. 

For those asteroids observed in sufficient detail, many different surface types may be 
distinguished and, indeed, each asteroid may ultimately be recognl 2 ed as unique. In the 
CSM taxonomic system, it should be understood that each class contains a substantial spread 
of mineralogical assemilages; for instance, there is a variation of a factor of three in 
the albedos of C asteroids, and the S asteroids encompass a wide range of pyroxene and oliv- 
ine contents as indicated by the depth and centroid of the absorption band near 0.95 ym. 

In assigning boundaries between classes for each parameter, E^awell et a'!, adopted the 
philosophy of minimizing the nwnbev of misalaeaifiaations. Where there is serious doubt as 
to correct classification of an individual asteroid, the CSM taxonomy carries several pos- 
sibilities rather than trying to make a questionaole unique classification. Note that this 
philosophy is to be contrasted with one like that of Zellner and Bowell (1977), who attempted 
to assign the most likely class to each asteroid. 

In addition to classes C, S, M, E, and R, Bowell et al. introduce a designation U for 
unclassifiable. The objects designated U a.e those that are not in the other five classes. 

I emphasize that U dees not simply indicate lack of information or noisy data, but refers 
to objects that are known to be intrinsically outside the domains of the other classes. 

It is of interest to note that, of 163 asteroids classified by Bowell et al. from both 
albedo-sensitive and color-sensitive observations, only 16 (10') are classified U. 

The five classes are formally defined by the range of parameters listed in Table 2. 

As il lustntions to help motivate these definitions, however, I now discuss several two- 
parameter plots taken from the TRIAD ile. 

Figure 2 displays the geometric visual albedo py as a function of UV color index. 

(Th’s albedo is derived prima: ily from thermal radiometry, but in a few cases also depends 

on , urization data.) Tb.r plot clearly distinguishes the major C, S, M, and E groups, and 

it also illustrates '►'o significance of class R, the members of which have high albedo and 
are distinctly redser in UV than the S objects. 

Figure 3 is a similar plot in which the polarization parameter P^in is substitute'* for 
geometric albedo. It is apparent that Pmin distinguishes the S and C classes even more 

strongly than albedo, with only a small group of M asteroids having intermediate values of 

Pmin near 1.0. 


The easiest observational technique to apply in a survey of physical properties is UBV 
photometry, which yields colors in the near ultraviolet to visible range. It is thus impor- 
tant to determine to wnat extent simple color data of this sort, without any albedo-sensi- 
tive parameters, can serve to classify asteroids in the CSM system. Figure 4 illustrates 
UBV colors for 465 obiects. Those for which albedo is known independently are denoted by 
special symbols (e.g. , filled circles for C, open circles for S), while the others are 
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Table 2. Definition of Classes 


a 


Parameter 

C 


S 


K 


E 

R 

Albedo, Py 

<0.065 

0.065 

- 0.23 

0.065 

• 

0.23 

>0.23 

>0.16 

min * 

1.20 - 2.15 

0.58 

- 0.96 

0.86 

- 

1.35 

<0.40 

<0.70 

R/B 

1.00 - 1.40 

1.34 

- 2.07 

1.06 

- 

1.34 

0.9 - 1.70° 

>^1.70 

BEND 

0.05 - 0.26 

0.05 

- 0.25 

<0.11 

<0.15^ 

>0.25 

DEPTH 

0.95 - 1.00 

0.80 

- 1.00 

0.90 

- 

1.00 

0.90 - 1.00*’ 

<0.90 

B-V 

>0.64*^ 


d 

0.67 

- 

0.77 

0.60 - 0.79 

e 

U-B^ 

0.23 - 0.46^^ 

>0. 

.34^* 

0.17 

- 

0.28 

0.22 - 0.28 

e 


a. 

b. 

c. 


From Bowell et at. (1978). 

No examples have been measured. 
Additionally 4.60 (B-V) - 3.17 < (U-B) 


e. 

f. 


(B-V) - 0.27. 

Ilii.lts when only UBV photometry Is available. 

Additionally B-V > (U-B)/7.0 + 0.74; 1.70 (B-V) - 1 12 < (U-B) < (B-V) - 0.33; 
(U-V) £ 1.47. Type U allowed 0T02 Inside limits, except for the 'ast, when only 
UBV photometry is available. 

(U-V) > 1.47. 

Type U always allowed for U-B < 0.28, when only UBV photometry is available. 




Type U allowed 0T02 Inside 
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Fig. 2. Geometric albedo (Py) 
versus U-V color index for 144 
asteroids with semimajor axis less 
than 3.6 AU. Domains indicate 
allowable parameters on the CSM 
classification system for aster- 
oids of types C, S, M, E and R; 
objects outs'de these domains are 
unclassifiabl^, oesignated U. The 
albedo boundaries (solid lines) are 
those given in Table 2, but the 
limits i . U-V (dott< d lines) are 
more complex, as shown in Figure 5. 
Unusual objects 2 Pa’ las, 4 Vesta, 

44 Nysa, 349 Dembowska, 354 E1eonora,o.04 
785 Zwetana, and 863 Benkoela are 
indicated by number (from Bowell 
et at . , 1978). 
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Fig. 3. Depth Pmin of the negative polarization 
branch versus U-V color index for 93 asteroids with 
semimajor axis less than 3.6 AU. Class boundaries 
are as indicated for Figure 2. Unusual objects 
indicated by number are 4 Vesta and 92 Undina 
(from Bowel 1 et al., 1978). 



Fig. 4. B-V and U-B colors for 465 
asteroids with semimajor axis less than 
3.6 AU. Symbols indicate measured al- 
bedos, where available, as independent 
indications of type: • for p < 0.065; 

0 for 0.065 < p ^ 0.23; □ for p > 0.23. 
Where no albedo is known the colors are 
indicated by x. Two asteroids, 863 
Benkoela and 1685 Innes, have colors that 
are off the scale of this graph. Unusual 
asteroids 2 Pallas, 4 Vesta, 349 Dembow- 
ska, and 785 Zwetana are ’ndicated by 
number (from Bowel 1 et al., 1978). 











Indicated by x. The domain of the S objects is clear on this plot, but without albedo it 
is difficult to distinguish the dark, neutral -colored Cs from the lighter, but still neu- 
tral-colored Ms and Es. Figure 5 shows the actual boundaries of the classes in the UBV 
plane as adopted by Bowel 1 et at. 


Fig. 5. Similar to Figure 4, but showing 
adopted domains of types C, S, M, E and R 
in UBtf colors in the CSM taxonomy. 

Numerical coefficients representing the 
type boundaries are given in Table 2. 
Neutral colors plot in the lower left 
{e.g. , 785 Zwetana), red colors in the 
upper right {e.g., 349 Dembowska). Note 
that UBV colors clearly separate R from 
S from C asteroids, but become degenerate 
for neutral colors where the C, M, and E 
domains overlap {from Bowell et al. , 1973). 



Four examples show how the taxonomic definition illustrated in Figures 2-5 and listed 
in Table 2 can be used to classify asteroids. We begin with a typical, thoroughly observed 
C asteroid. 19 Fortuna; the observational parameters are given in Table 3. The UBV colors 
fall with.n the C domain of Figure 5, and the albedo of 0.030 and the Pmin l-'2 also 
clearly place Fortuna in the low-albedo f class. Of the spectrophotometric parameters, 

BEND allows either C or S, R/B allows C, M, or E, and the absence of the pyroxene absorp- 
tion band (DEPTH = 1.00) serves only to exclude membership in class R. Thus the classifi- 
cation would be ambiguous if only the spectrophotometric parameters were available, but is 
clearly tied dcv,n by both UBV colors and the albedo-sensitive observations. 

As an example of an S object. Table 3 also lists the parameters for 5 Astraea. This 
classification could be made unambiguously from UBV colors alone or from R/B alone. The 
other parameters are consistent with the S classification, but none considered alone is 
sufficient; the albedo allows types S or M, P^in and DEPTH allow S or R, and BEND any type 
except R. For the 5 asteroids, UBV colors are par'^ 'cularly diagnostic. 

Asteroid 44 Nysa in Table 3 is a prototype E object. The high albedo and small Pmin 
suggest E but by themselves are a^so consistent with the limits for class R. The UBV colors 
fall within the ambiguous domain allowing C, M, E, or U but not S or R. Thus both color and 
albedo data are required to place an object uniquely in class E, and the only proven E ob- 
jects are 44 Nysa, 6^ Angelina, and 434 Hungaria. None of these, unfortunately, has as yet 
been observed spectrophotometrically. 
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Table 3. Four Examples of Classification 


Asteroid 

Type 

B-V 

U-B 

BEND 

R/B 

DEPTH 

Pv 

^min 

Type 

19 Fortuna 

C 

0.75 

0.38 

0.21 

1.09 

1.00 

0.03 

1.72 

/ 


S 



0.2T 


1.00 





M 




1.09 

1.00 





E 




1.09 

1.00 





R 









5 Astraea 

C 



0.10 







S 

0.83 

0.38 

0.10 

1.63 

0.84 

0.144 

0.70 

/ 


M 



0.10 



0.144 




E 



0.10 







R 





0.84 


0.70 


44 Nysa 

C 

0.71 

0.26 








S 










M 

0.71 

0.26 








E 

0.71 

0.26 




0.467 

0.31 

/ 


R 






0.467 

0.31 


4 Vesta 

C 



0.14 

1.33 






S 



0.14 



0.226 




M 




1.33 


0.226 




E 



0.14 

1.33 






R 





0.74 

0.226 

0.55 



(U) 

0.78 

0.48 






/ 


Perhaps the most prominent example of an unclassifiable asteroid is 4 Vesta. In 
Table 3 the relatively high albedo allows classes R or (just barely) S or M, but the very 
unusual Pmin of 0*55 excludes types S and M. The spectrophotometric parameters BEND and 
R/B exclude type R, however, and the UBV colors fall outside the domains of any of the 
recognized classes. Thus Vesta can only be classified U. 

Table 4 lists the adopted classifications for 344 asteroids from the TRIAD data file. 
Also given are diameters obtained either from direct observation or calculated on the 
assumption that the object has the albedo of an average member of its class (see footnote 
to Table 4). The asteroids listed in Table 4 are those used by Zellner and Bowell (1977) 
and by Zellner (1978) to study the distribution of types, but the actual data are updated 
to include the TRIAD values as of early 1978, In the expanded classification of 523 aster- 
oids by Bowel! et al. (1978), there are 189 C objects, 142 S objects, 12 of type M, 3 of 
type and 3 of type R. The classification U is obtained for 55 objects, while 119 (25%) 

receive uncertain or ambiguous classifications. Most of these ambiguities presumably could 
be cleared up if additional observational techniques were applied. However, there is no 
guarantee that smaller and fainter objects will have the same distribution as those already 
studied, most of which have diameters greater than 50 km. 

In the above statistics the C objects are much underrepresented, of course, because of 
their low albedos and generally larger distances. In the following paper, Zellner discusses 
corrections for these selection effects. The E and R types, however, must be genuinely 
quite rare. Zellner and Bowell (1977) have noted that in the whole main belt there appear 
to be only two E objects with diameters greater than 50 km, and it now appears that R ob- 
jects must be similarly unusual. In a bias-corrected sample, neither of these classes would 
constitute as much as 1% of the asteroid population. 
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Table 4 

. Asteroid Classification® and Diams 

ters^ 



Asteroid 

B(l.O) 

0 (km) 

Type 

Asteroid 

8(1,0) 

D (kn.) 

Type 

1 Ceres 

4.48 

1018 

U 

60 Echo 

9.98 

50 

S ' 

2 Pallas 

5.02 

629 

U 

61 Danae 

8.90 

87* 

S 

3 Juno 

6.51 

247 

S 

62 Erato 

9.85 

103* 

C ! 

4 Vesta 

4.31 

548 

U 

63 Ausonia 

8.96 

89 

s i 

5 Astraea 

8.13 

122 

s 

64 Angelina 

8.84 

56 

E : 

6 Hebe 

6.98 

195 

s 

65 Cybele 

7.99 

308 

C 

7 Iris 

6.84 

210 

s 

66 Maja 

10.51 

76* 

C 1 

8 Flora 

7.73 

153 

s 

67 Asia 

9.66 

61* 

S i 

9 Metis 

7.78 

153 

s 

68 Leto 

8.22 

124 

s 

10 Hygeia 

6.50 

450 

C 

69 Hesperia 

8.17 

134? 


11 Parthenope 

7.80 

151 

s 

70 Panopaea 

8.93 

154 

c i 

12 Victoria 

8.38 

135 

s 

71 Niobe 

8.28 

114* 

s ' 

13 Egeria 

8.15 

241 

c 

72 Feronia 

10.15 

92* 

c ; 

14 Irene 

7.49 

153 

s 

76 Freia 

9.11 

143? 

CMEU ' 

15 Eunomia 

6.42 

245 

s 

77 Frigga 

9.70 

61* 

M 

16 Psyche 

6.88 

252 

M 

78 Diana 

9.17 

139* 

C 

17 Thetis 

9.08 

96 

s 

79 Eurynome 

9.25 

75 

s ; 

18 Melpomonene 

7.69 

152 

s 

80 Sappho 

9.22 

86 

U 

19 Fortuna 

8.45 

220 

c 

81 Terpsichore 

9.64 

112* 

c 

20 Massalia 

7.73 

137 

s 

82 Alkmene 

9.52 

64 

s 

21 Lutetia 

8.61 

111 

M 

83 Beatrix 

9.76 

106* 

c 

22 Kalliope 

7.28 

178 

M 

84 Klio 

10.34 

81 

c 

23 Thalia 

8.23 

114 

S 

85 lo 

8.92 

146 

U 

24 Themis 

8.27 

209* 

C 

86 Semele 

9.71 

107* 

c 

25 Phocaea 

9.30 

65 

S 

87 Sylvia 

8.12 

224? 

CMEU 

26 Proserpina 

8.80 

90* 

S 

88 Thisbe 

8.07 

206 

C 

27 Euterpe 

8.44 

116 

S 

89 Julia 

8.15 

168 

S 

28 Bel Iona 

8.16 

122* 

s 

90 Antiope 

9.41 

124* 

C 

29 Amphi trite 

7.13 

194 

s 

91 Aegina 

10.00 

105 

C 

30 Urania 

8.82 

90 

s 

92 Undina 

7.95 

150? 

U 

31 Euphrosyne 

7.28 

332* 

CM 

93 Minerva 

8.71 

167 

C 

32 Pomoma 

8.76 

93* 

S 

94 Aurora 

8.71 

190 

c 

34 Circe 

9.59 

113* 

C 

95 Arethusa 

8.83 

165* 

c 

36 Atalante 

9.82 

103* 

C 

97 Klotho 

8.75 

94 

M 

37 Fides 

8.43 

93 

S 

100 Hekate 

9.08 

79* 

SU 

39 Laeti tia 

7.44 

164 

S 

102 Miriam 

10.28 

83* 

C 

40 Harmonia 

8.32 

121 

s 

103 Hera 

8.84 

89* 

S 

41 Daphne 

8.23 

176 

c 

104 Klymene 

9.44 

121* 

C i 

42 Isis 

8.81 

96 

s 

105 Artemis 

9.42 

124* 

C ! 

43 Ariadne 

9.19 

76* 

s 

106 Dione 

8.80 

169* 

C 1 

44 Nysa 

7.85 

72 

E 

107 Camilla 

8.28 

209* 

c { 

45 Eugenia 

8.31 

227 

C 

108 Hecuba 

9.69 

60* 

s t 

^6 Hestia 

9.56 

133 

C 

109 Felicitas 

10.13 

74 

c i 

47 Aglaja 

9.24 

134* 

C 

110 Lydia 

8.75 

169* 

c 

48 Doris 

7.99 

147? 

U 

111 Ate 

9.11 

143* 

c 1 

49 Pales 

8,67 

178* 

C 

113 Amalthea 

9.86 

47 

5 1 

51 Nemausa 

8.68 

158 

u 

114 Kassandra 

9.46 

121* 

C 

52 Europa 

7.62 

289 

c 

115 Thyra 

8.84 

93 

s 

53 Kalypso 

9.97 

96* 

c 

116 Sirona 

8.89 

80 

SR 

54 Alexandra 

8.87 

177 

c 

117 Lomia 

9.18 

138? 

CMEU 

55 Pandora 

8.71 

172? 

CMEU 

119 Althaea 

9.82 

57* 

S : 

56 Melete 

9 49 

143 

C 

120 Lachesis 

8.78 

174 

C ' 

5/ Mnemosyne 

8.41 

108* 

S 

122 Gerda 

9.16 

139* 

CU 

58 Concordia 

9.92 

96* 

c 

123 Brunhi Id 

10.13 

49* 

S 
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Table 4 (continued) 


Asteroid 

B(l.O) 

0 (km) 

Type 

Asteroid 

B(l.O) 

D (km) 

Type 

124 Alkeste 

9.39 

67 

S 

216 Kleopatra 

8.21 

218? 

CMEU 

125 Liberatrix 

9.77 

64? 

U 

219 Thusnelda 

10.68 

38* 

SM 

126 Velleda 

10.58 

40* 

S 

221 Eos 

8.94 

97? 

U 

129 Antigone 

7.85 

114 

M 

224 Oceana 

9.79 

59* 

M 

130 Elektra 

8.46 

121? 

U 

230 Athamantis 

8.65 

114 

S 

131 Vala 

11.03 

35 

SM 

236 Honoria 

9.51 

65* 

S 

133 Cyrene 

9.18 

78* 

S 

238 Hypatia 

9.23 

153 

c 

135 Hertha 

9.24 

78 

M 

241 Germania 

8.61 

179* 

c 

137 Meliboea 

9.14 

142* 

C 

247 Eukrate 

9.31 

14’ 

c 

139 Juewa 

9.16 

139* 

C 

250 Betti na 

8.49 

192? 

CMEU 

140 Siwa 

9.58 

102 

C 

258 Tyche 

9.54 

65* 

S 

141 Lumen 

9.58 

115* 

C 

264 Libussa 

9.67 

63 

S 

144 Vibllia 

9.15 

132 

C 

268 Adorea 

9.76 

106* 

c 

145 Adeona 

8.67 

175* 

C 

270 Anahita 

10.03 

50 

S 

146 Lucina 

9.30 

131* 

r 

U 

275 Sapientia 

10.04 

94* 

c 

148 Gallia 

8.47 

106* 

s 

276 Adelheid 

9.74 

106? 

CMEU 

149 Medusa 

11.94 

24? 

LI 

281 Lucretia 

13.11 

15? 

U 

150 Nuwa 

9.33 

129? 

cm:u 

284 Amalia 

11.28 

52* 

C 

151 Abundantia 

10.53 

41* 

s 

293 Brasilia 

11.07 

58* 

C 

152 Atala 

9.60 

63* 

s 

295 Theresia 

11.41 

27* 

S 

153 Hilda 

8.82 

99? 

u 

306 Unitas 

10.02 

Iz* 

s 

156 Xanthippe 

9.81 

103* 

c 

308 Polyxo 

9.28 

136 

u 

159 Aemilia 

9.32 

133 

r* 

313 Chaldaea 

10.10 

92* 

c 

162 Laurentia 

10.01 

97* 

C 

324 Bamberga 

8.07 

251 

c 

163 Erigone 

10.80 

65* 

C 

326 Tamara 

10.32 

81* 

c 

164 Eva 

9.84 

101* 

c 

335 Roberta 

9.93 

48? 

EU 

166 Rhodope 

10.91 

38? 

u 

336 Lacadiera 

10.96 

33? 

MEU 

170 Maria 

10.72 

41? 

u 

337 Devosa 

9.90 

99? 

CS 

172 Baucis 

10.09 

67 

s 

338 Budrtsa 

9.78 

58* 

M 

173 Ino 

8.82 

162* 

c 

342 Endymion 

11.29 

52* 

C 

176 Iduna 

9.52 

72? 

u 

344 Desiderata 

9.09 

145* 

C 

177 Irma 

10.75 

67* 

c 

345 Tercidina 

10.15 

89* 

C 

178 Bel i Sana 

10.69 

38* 

s 

349 Dembowska 

7.2. 

144 

R 

179 Klytaemnest 

9.31 

71* 

s 

350 Ornamenta 

9.45 

122* 

C 

181 Eucharis 

9.06 

79* 

s 

351 Yrsa 

10.30 

45* 

S 

182 Elsa 

10.24 

47* 

s 

354 Eleonora 

7.48 

169 

u 

183 Istria 

10.98 

3.3* 

s 

356 Liguria 

9.27 

149 

c 

185 Eunike 

8.75 

168* 

c 

357 Ninina 

9.82 

104* 

c 

186 Celuta 

10.46 

45 

u 

360 Carl ova 

9.42 

129 

c 

189 Phthia 

10.76 

41 

s 

362 Havnia 

10.13 

89* 

c 

192 Nausikaa 

8.61 

93 

s 

363 Padua 

10.05 

94* 

c 

194 Prokne 

8.34 

193 

c 

364 Isara 

11.08 

31? 

SMR 

195 Eurykleia 

10.07 

92* 

c 

365 Corduba 

10.32 

99 

c 

196 Philomela 

7.72 

16G 

s 

367 Amicitia 

12.10 

19* 

s 

200 Oynamene 

9.47 

121? 

CME 

370 Modes ti a 

11.72 

43* 

c 

203 Pompeja 

10.08 

91* 

c 

377 Campania 

10.04 

95? 

CMEU 

204 Kallisto 

10.07 

50* 

s 

381 Myrrha 

9.68 

126 

C 

206 Hersilia 

9.84 

101* 

c 

384 Burdigala 

10.81 

36* 

S 

208 Lacri .losa 

10.48 

42 

s 

386 Siegena 

8.60 

174 

c 

209 Dido 

9.47 

121? 

CMEU 

387 Aguitania 

8.4'. 

112 

s 

210 Isabella 

10.45 

77* 

C 

388 Charybdis 

9.52 

119? 

CMEU 

211 Isolda 

9.02 

167 

C 

389 Indjstria 

9.40 

69* 

S 

213 Lilaea 

10.12 

46? 

EU 

393 Lampetia 

9.32 

121 

C 

214 Aschera 

10.41 

43? 

MU 

395 Delia 

11.49 

48* 

c 
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Table 4 (continued) 

1 

( 

1 

a' 

- 1 
, 1 

. . i r 

1 ; 

1 

r 

' _ 1 
> 1 

1 ' 

1 

1 

Asteroid 

B(l.O) 

D (km) 

Type 

Asteroid 

B(1,0) 

D (km) 

‘■ype 


u 1 397 Vienna 

10.54 

50 

S 

660 Crescent! a 

10.60 

39* 

SM 


\ 402 Chloe 

10.28 

46* 

S 

674 Rachel e 

8.65 

97* 

s 


J 1 404 Arsinoe 

9.99 

94* 

C 

679 Pa.v 

10.40 

42 

s 


> 1 409 Aspasia 

8.31 

207* 

C 

680 Gencveva 

10.68 

69? 

CMEU 


> 1 410 Chi oris 

9.47 

124* 

C 

694 Ekard 

10.11 

90* 

C 


1 415 Palatia 

10.54 

74* 

C 

702 Alauda 

8.29 

205* 

C 

1 

{ , 416 Vaticana 

9.24 

76* 

S 

704 Interamnia 

7.24 

338 

C 


' 1 i 426 Hippo 

9.81 

103* 

C 

705 Erminia 

9.55 

117? 

CMEU 

1 , 

i 432 Pythia 

10.33 

45* 

s 

714 Ulula 

10.30 

46* 

S 


1 433 Eros 

12.40 

15 

s 

Karghanna 

10.73 

67* 

C 


i 434 Hungaria 

12.45 

10 

E 

737 Arequipa 

9.93 

54* 

s 


' ' 1 435 Ella 

11.33 

51? 

CMEU 

739 Mandeville 

9.79 

63? 

u 


, 441 Bathilde 

9.45 

61 

M 

744 Aguntina 

11.25 

32? 

u 


444 Gyptis 

9.11 

142* 

C 

747 Winchester 

8.81 

205 

c 


* 1 446 Aeternitas 

10.21 

47* 

R 

755 Quintilla 

10.75 

37? 

MEU 

J 

I ' 451 Patientia 

7.67 

326 

C 

776 Berbericia 

8.70 

173* 

C 

» 


454 Ma thesis 

10.27 

83* 

C 

778 Theobalda 

10.58 

36? 

EU 

» 

• L* 

> 

455 Bruchsalia 

9.86 

101* 

C 

782 Montefiore 

12.68 

15* 

SM 



462 Eri phyla 

10.77 

40? 

U 

785 Zwetana 

10.73 

45 

U 



471 Papagena 

7.78 

148 

S 

790 Pretoria 

9.09 

177 

C 



472 Roma 

10.39 

44* 

S 

796 Sarita 

10.16 

38* 

C 

: 

» 

1 

476 Hedwig 

9.82 

103* 

C 

804 Hispania 

8.86 

162* 

C 

■ 

1 

478 Tergeste 

9.22 

75* 

S 

825 Tanina 

13.04 

13* 

S 



481 Emita 

9.86 

101* 

C 

830 Petropolita 

10.52 

41* 

S 


i 

497 Iva 

10.71 

38* 

M 

853 Nansenia 

12.61 

28* 

c 


‘ 

498 Tokio 

10.34 

72 

C 

863 Benkoela 

10.31 

49* 

R 


w 

1 

505 Cava 

10.10 

50? 

ME 

887 Alinda 

15.43 

5.2 

U 

• 

i j 508 Princetonia 

9.41 

125* 

C 

888 Parysatis 

10.82 

36* 

S 

. 

; 1 509 lolanda 

9.67 

60* 

S 

911 Agamemnon 

9.01 

94? 

U 

t 

; 510 Mabel la 

10.96 

61? 

CMEU 

924 Toni 

10.45 

77* 

c 

1 * 

! 511 Davida 

7.36 

341 

C 

932 Hoover! a 

11.12 

55* 

c 

1 ‘ 

i : 516 Amherstia 

9.37 

63 

M 

946 Poes! a 

11.53 

46* 

c 

* 

' ; 524 Fidel io 

10.99 

60* 

C 

963 Iduberga 

13.83 

9.2* S 

; 1 

! 532 Herculina 

6.96 

230 

s 

969 Leocadia 

13.58 

9.1? EU 

* \ 

j 537 Pauly 

9.94 

97* 

c 

976 Benjamina 

10.51 

75? 

CMEU 

\ 

' 540 Rosamunde 

12.25 

18* 

s 

977 Philippa 

10.76 

66* 

C 


1 545 Messalina 

9.72 

107* 

c 

1001 Gauss ia 

10.70 

38? 

MEU 

. 

1 i . 550 Senta 

10.53 

41* 

s 

1011 Laodamia 

14.24 

7.2 

S 


i 1 554 Peraga 

9.85 

103* 

c 

1036 Ganymed 

10.61 

39* 

S 

‘ 

1 558 Carmen 

10.08 

65 

SM 

1043 Beate 

10.93 

34* 

S 

i . 

563 Suleika 

10.00 

53* 

s 

1048 Feodosia 

10.66 

70* 

c 


569 Misa 

11.26 

53* 

c 

1052 Belgica 

13.27 

11* 

s 

* 

j 584 Semi rami s 

9.82 

54 

s 

1058 Grubba 

13.01 

13? 

SR 


I 588 Achilles 

9.73 

61? 

MEU 

1140 Crimea 

11.59 

25* 

S 


•1 i 591 Irmgard 

11.77 

23? 

MU 

1143 Odysseus 

9.48 

62? 

EU 


1 1 596 Scheila 

9.98 

133 

U 

1171 Rusthawelia 

10.81 

64? 

CMEU 


; 1 602 Marianna 

9.45 

137 

c 

1172 Aneas 

9.35 

128* 

C 


I 617 Patroclus 

9.05 

88? 

U 

1173 A'chises 

10.18 

87* 

C 


1 618 Elfriede 

9.38 

126* 

c 

1178 Irmela 

12.99 

23* 

C 


1 623 Chimaera 

12.20 

34* 

C 

1212 Francette 

7.99 

238? 

CMEU 

i ^ 

I 624 Hektor 

8.65 

no? 

U 

1263 Varsavia 

11.75 

42* 

C 

\ 

j 631 Philippina 

10.16 

49* 

S 

1266 Tone 

10.43 

77* 

C 


;* j 654 Zelinda 

9.51 

72? 

U 

1268 Libya 

10.07 

92? 

CMEU 

i 

1 658 Asteria 

11.70 

23* 

su 

1314 Paula 

13.96 

8* 

S 


1 ! 
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Table 4 (continued) 


Asteroid 

B(1,0) 

0 (km) 

Type 


Asteroid 

B(1,0) 

C (km) 

Type 

1329 Eliane 

12.22 

19* 

SU 


1583 Antilochus 

9.76 

60? 

MEU 

1362 Griqua 

12.42 

31* 

C 


1620 Geographos 

16.67 

2* 

S 

1401 Lavonne 

13.53 

10* 

S 


1681 1948WE 

12.84 

14* 

S 

1437 Oiomedes 

9.39 

125? 

CMEU 


1685 Toro 

14.60 

8? 

u 

1500 Jyvaskyla 

14.43 

7* 

S 


1694 Kaiser 

13.73 

17* 

C 

1504 Lappeenrant 

13.03 

12* 

S 


1707 1932RL 

13.89 

8.7* 

SU 

1547 1929CZ 

11.96 

24? 

U 


1864 Daedal us 

16.34 

3? 

u 

1566 Icarus 

17.62 

1.7? 

U 


1960UA 

15.00 

9* 

cu 

1567 Alikoski 

10.64 

75 

C 


1976AA 

18.40 

0.9 

u 

1580 Betulia 

15.80 

6.5* 

C 


1977RA 

16.71 

?* 

SU 

^Classifications 

are from Bowell et al. (1978) and rollow the definitions in 

Table 2. 


Multiple classes 

. indicate ambiguity 

• 






^Diameters followed by * are computed for 

the mean albedo of the class, rath; 

3r than 


determined directly. Diameters followed by 

? correspond to an adopted albedo of 0.1 

and 

could be in error by as much as a factor 

of 

three. For a summary 

of directly measured 

diameters, see Morrison (1977b). 








It is of interest to note that the largest asteroids dc nC- fit into the CSM taxonomy. 
Vesta, as discussed above, is unique in a number of parameters. Pallas is C-iike in some 
respects and M-like in others, but clearly unclaisifiable. Ceres is loosely describable as 
a C type, out has a rather high albedo (0.054) and an unusual spectrum with uncommonly red- 
dish U-B and uncoiimonly neutral R/B colors. Thus Ceres is now formally designated as a U 
object, and should not in any case be thought of as a prototype for the C class. Among the 
six largest asteroids (Morrison, 1977b), Ceres, Pallas, and Vesta are unclassifiable, 
Euphrosyne has been observed only in Pmin, with Pal las- like results, 704 Interamnia is a 
peculiar C object, and only Hygiea is a normal C. Thus the true C-dominated asteroid popu- 
lation only begins at diameters of 300 km and smaller. Mote, too, that well over half the 
mass in the asteroid belt is accounted for by these unusual asteroids which do not fit the 
CSM classification system. 


COMPARISON OF THE CSM TAXONOMY WITH OTHER SYSTEMS 


Mr? , 


' i 

1 



Taxonomic schemes have an important function in organizing observational data, but 
because the number of classes and subclasses and their exact boundaries are largely arbi- 
trary, they can also be a source of misunderstanding and dispute. The CSM taxonomy attempts 
to divide its classes along natural lines with a minimum of interpretation. It is thus of 
limited use in studies of asteroid mineralogy, and indeed some very different mineralogical 
assemblages may be grouped together in the CSM scheme. In this final section of my paper, 

I briefly consider some comparisons between the CSM and two other taxonomies, following the 
more detailed discussion in Bowell et al. (1978). 


In the first alternate taxonomy. Chapman (1976) used the available spectrophotometry 
for 98 asteroids to establish 13 groups, each of which he interpreted to have similar sur- 
face composition and mineralogy. For instance, one group is interpreted as being due chief- 
ly to the signatures of nickel-iron plus olivine while another is suggestive of a C2 (CM) 
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Even more recently, Gaffey and McCord (1977, 1978) have developed a separate classi- 
fication for 62 of the spectra, emphasizing Interpretations of mlneralogical assemblages. 
This scheme Is described in more detail in this volume by McCord (1978). Fifteen groups 
were defined, mostly consisting of subdivisions of several broader groups symbolized by R 
(for reddish spectra, both with and without prominent 1.0 ym absorption features), T (for 
transition), and F (for flat). 

In general the Chapman and Gaffey-McCord classifications group asteroids in a consis- 
tent manner. However, in a few cases there are real differences as discussed by Bowel 1 
et at. (1978) and Gaffey and McCord (1978). 

A continuing controversy In all three taxonomic systems concerns the significance of 
the class called M in the CSM classification. The name for this class suggests its inter- 
pretations a^ metallic (Zellner and Gradie, 1976); that is, the character-'stic spectral 
signature of these asteroids is suggestive of nickel-iron. However, it is agreed by both 
Bowell et at. (1978) and Gaffey and McCord (1978) that these objects could be either nearly 
pure metal or finely divi sd metal in a neutral silicate matrix [e.g. , like the enstatite 
chondrites). Theie is clearly a great geochemical difference between these two interpreta- 
tions, and present observations do not seem capable of distinguishing between them. A 
complicating factor is that Gaffey and McCord interpret another group of asteroids (their 
clasi RF) as also of iron or enstatic-chondritic composition, while Chapman interprets the 
spectra as indicating a broad, weak absorption feature due to either olivine or oli vine- 
pi us-pyroxene. If Gaffey and McCord are right, then asteroids of nickel-iron or enstatite 
chondrite composition are distributed among both the M and S types of the CSM system, in 
spite of a wide gap in UBV colors between these classes. 

In spite of Its low level of direct interpretability in terms of mineralogy, the CSM 
taxonomy does have some significant advantages. First, it can be applied widely, since it 
depends upon only a few observational parameters. Second, it involves albedo information 
directly, and thus it permits investigation of differences in the size distributions and 
orbital distributions for the separate classes. Through its strict accounting of albedos, 
the CSM taxonomy permits a reasonable correction for bias to be applied to the available 
statistics, such as accomplished by Chapman et at. (1975), Morrison (1977b), Zellner and 
Bowell (197'), and Zellner (1978). Third, the CSM system requires no revision when mineral- 
ogical identifications are modified or improved, since it is based strictly on observational 
parameters. 

The CSM taxonomy has proved useful for outlining the structure of the asteroid belt, 
and it will probably be extended during the next year or two to nearly half the numbered 
asteroids. The usefulness of its applicabiliiy to the Earth-approaching asteroids or to 
those beyond 3.6 AU, where different populations may exist, has yet to be demonstrated, 
however. The reconnaissance data exemplified by the CSM taxonomy are not sufficient, how- 
ever, for understanding the mineralogy of asteroid surfaces. It seems clear that detailed 
analysis of reflection spectra supported by albedo date and by laboratory and theoretical 
work is required as well, and our understanding of the nature of the asteroids in the next 
few years will probably be best advanced by a two-pronged attack involving both continuing 
reconnaissance studies and the intensive acquisition and interpretation of spectrophotom- 
etry of a smaller number of representative asteroids. 
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DISCUSSION 

VEVERKA: Are the magnitudes that are included in the TRIAD file the ones that have been 
measured recently or are they from some previous compilation? 

MORRISON: There are several sources for these magnitudes. Genrels has provided photo- 

electric r.iugnitudes for many. A lot more of the magnitudes are only photographic. The 
goal was tc obtain the best magnitude for ever> numbered asteroid. However, for many 
individual objects, especially faint objects, these magnitudes can srill be very bad-- 
with brightness uncertain by as much as a factor of two. 

CHAPMAN: Another advantage of this classification scheme which I think is important is 
that a relatively simple observing program in which only radiometry and UUV photometry 
are used can detect the anomalous or unusual objects. The taxonomy alerts us to unusual 
asteroids we should go out and look at in more detail with spectrophotometry and other 
techniques. 

MORRISON: About lOi are Us, so you can improve the efficiency of observations by a factor 
of ten for the more elaborate techniques if you decide to concentrate on the unclassi- 
fied objects. 

ANDERS: I wonder if the time hasn't come to analyze his population to see how homogenpoys 

these classes are and whether any of them break up into subsets. 
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ZELLNER: Remember that the data are extremely heterogeneous and, tc do anything that is 
very formal mathematically, one needs a better set of data. 

MORRISON: The number of objects for which we have all seven of those parameters must be 
well under 100. Most of them are S, of course, because of the observational bias in 
favor of bright objects. Even so, the high albeci'. ones, like Vesta, the Es, or the 
Rs are extremely rare. Zellner will talk about ho. much rarer they are in the popula- 
tion as a whole whan bias corrections are included. It is very curious that we are 
able to think of these rare objects as having very close relationships to certain me- 
teorite classes. However, the data base is rapidly expanding, and within the next year 
it may be appropriate to apply more sophisticated statistical techniq;es, such as clus- 
ter analysis- 
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GEOGRAPHY OF THE ASTEROID BELT 


BENJAMIN H. ZELLNER 

Lunar and Planetary Laboratory 
Univereity of Arizona^ Tuoaon, Arizona 85721 


Several hundred m^'nor planets can now be classified into 
broadly defined C, S, M, and other coiTipositional types. 
Corrections for observational selection bias show that at 
least 75% of the main belt asteroids are of Type C, about 
15% are of Type S, and 10% of other types. The proportion 
of S objects drops smoothly outward through the belt with an 
exponential scale length of 0 4 AU. Objects of exceptional 
type are found throughout the main belt. At least for diam- 
eters >50 km, the major types show very similar size- frequency 
relations. 

Several Hirayama families show characteristic optical proper- 
ties contrasting with the field population, and evidently 
originated as the collision fragments of discrete parent 
bodies. The Trojans seem to form a compositionally distinct 
population. Of a dozen Amor and Apollo objects observed, nine 
are S-like, one is of Type C, and two show unusual compositions. 


INTRODUCTION 

Much of the fascination of minor planets lies in their population statistics, that is, 
the distribution of types over diameter and orbit. In the preceding paper Morrison (1978) 
has summarized the telescopic techniques that have been used for large numbers of aster- 
oids, and described the classification into Types C, S, M, etc., recognizable in optical 
polarimetry, thermal radiometry, and UBV colorimetry. The classification system is one 
step removed from attempts at mineralogical description as described by McCord (1978). 

The mineralogical description, where available, is to be much preferred over the simple 
classification by optical type, but only for the latter is a statistically adequate sam- 
pling availaole. At the University of Arizona we are beginning a seven-color survey, using 
broadband interference filters from 0.36 to 1.05 urn wavelength, with hopes of obtaining 
mineralogical ly diagnostic data for a substantial fraction of the numbered asteroid popula- 
tion. 


The first attempts at analysis of the population statistics was by Chapman et al. 
(1975), who classified 110 objects into C, S, and U (unclassifiable) types. Corrections 
for observational selection effects showed that the C asteroids are predominant, especially 
in the outer regions of the belt. Zellner and Bowell (1977) carried out a similar exercise 
for 359 objects, incorporating Types M and E and using for the first time a large number of 
observations of UBV color. The taxonony has been more closely examined, and applied to 
data for 521 asteroids, by Bowell et al. (1978). Most of the results discussed here are 
taken directly from the latter two papers. A bias-corrected analysis of the larger data 
set and more secure classifications of Bowell et al. remain to be done. 


THE MAIN BELT 


Observational Seleation Effeote 

Since minor planets differ in geometric albedo by at least a factor of ten, any dis- 
cussion of distributions over diameter and distance must begin with statistically reliable 
diameters and must incorporate corrections for observational selection biases. Also, we 
must take care that objects of various types or distances are intercompared only for simi- 
lar size ranges. Failure to observe these precautions can be perilous. For example. 
Chapman (1976) noted that classified S asteroids tended to fall near Kirkwood gaps, and C 
objects to avoid the gaps widely. The result is statistically well-established, and there 
are no obvious biases toward or away from the Kirkwood gaps in the compositional surveys. 

As shown by Zellner and Bowel! (1977), however. Chapman's conclusion was only an artifact 
of comparing large C asteroids with small S objects, together with a genuine tendency for 
large objects of any type to avoid the gaps. 

Diameters for about 200 asteroids are available from the polarimetric and thermal- 
radiometric surveys (Morrison, 1977a, 1978; Zellner ot al., 1977a; Gradie et al. , 1977). 

In addition we can obtain statistically useful diameter information from geometric albedos 
assumed according to the compositional type; Zellner and Bowell (1977) adopted albedos 
0.035 for C objects, 0.12 for Type M, and 0.15 for Type S. 

Corrections for observational sampling bias have been discussed by Chapman ct al. 
(1975), Morrison (1977a, b), and Zellner and Bowell (1977). It is assumed that, in any 
region of the belt, the sampling completeness is a function of apparent magnitude only. 

Then bias factors are computed for each interval of magnitude and distance as the ratio of 
the number of objects sampled to the total number of asteroids known to be present. For 
each classified object at a magnitude and distance associated with bias factor n, we assume 
that n-1 additional asteroids of identical size and type are present. The bias factors 
need not be monotonic functions of magnitude, and no distortions are introduced by particu- 
lar attempts to observe faint objects or members of particular Hirayama families, so long 
as the sampling intervals are adequately chosen. Clearly the process is limited by the 
statistics of snail numbers. 

The bias correction process is also limited by the normalization sample. Figure 1 
illustrates the distribution over heliocentric distance for 1978 numbered asteroids. This 
sample is itself heavily biased, being incomplete for objects fainter than about apparent 
magnitude 15.5, or diameters smaller than 12 km for inner-main belt S asteroids, 55 km for 
outer-main belt C objects, and 'v.lSO km for the Trojans. For fainter asteroids we must de- 
pend upon some extrapolation of the magnitude- frequency relation, or results from the 
Palomar-Leiden Survey (van Houten et al, ■, 1970). Since few objects brighter than magnitude 
16 were observed in the PLS, its region of overlap with the numbered population is somewhat 
problematical . 


Frei^uenay of Types 

According to the bias analysis of Zellner and Bowell, there are approximately 560 main 
belt asteroids with diameters >50 km, of which 76" are of Type C, 15% of Type S, 5" of 
Type M and 3% of other types. Similar results, with a somewhat higher proportion of C ob- 
jects, were obtained by Morrison (1977a,b). Large asteroids of the high-albedo varieties 
are genuinely quite rare. Zellner et at. (1977b) noted that there are apparently no more 
than two or three E asteroids with diameter -.50 km in the entire population. In their 
sample of 523 objects, Bowell ct al. (1978) were able to identify no additional candidates 
for the Vesta type with diameter >25 km. It is a remarkable result that mixed among the 
predominantly dark, carbonaceous population there can be a very few asteroids of quite 
exceptional type. 
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Fig. 1. Distribution over mean heliocentric distance of the first 1978 
numbered asteroids, in increments of 0.05 All. Fractions indicate the ratio 
of orbital periods for the principal dynamical resonances witn 'jpiter. 
Adapted from Zellner et at. (19?7b). Data are from the TRIAD computer file 
(Bender nt al., 1978). 


Dietrihuticne Oucr Heliooentrio [Hetaruii? 

Figure 2 illustrates the general decrease of the relative frequency of S-type aster- 
oids with increasing semimajor axis. The departures from a smooth curve are of no statis- 
tical significance, and there is no evidence for systematic differences near Kirkwood gaps. 
The mixing ratio drops exponentially with distance with a scale length of about 0.4 AU. 
Bias-corrected distributions over orbital eccentricity and inclination have not as yet been 
deri ved. 

The relatively sharp cutoff in S/C ratio with distance implies great difficulties for 
any hypothesis involving formation of asteroids of various types in widely differing regions 
of the solar system and their subsequent relocation in the main belt. (That is not to say, 
of course, that some asteroids of rare type could not have such a m story.) Also let me 
emphasize that Figure 2 does not represent a progressive darkening of asteroid surfaces 
with distance, but variations in the relative proportions of distinct types. The situation 
may have been misunderstood by Whipple (1977). Some tendency for S objects to have more 
neutral colors at greater distance has been noted (Zellner t-t ,i7., 1977c), but generally 
objects of a given type tend to show the same range of optical properties no matter where 
located. 
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Figure 3 Illustrates the bias-corrected distributions of C and Types as derived 
by Zellner and Bowell (1977). The data are consistent with parallel size- frequency rela- 
tions. both showing a change of slope near 160 km; however, the statistics are poor for the 
smaller sizes and also for diameters >200 km due to the small number of objects present. 

An alternate Interpretation of the same size- frequency data Is given by Chapman (1977). 


FAMILIES 

Among the most exciting results of the past year is the evidence that the Hirayama 
^imllles, consisting of asteroids with strongly clustered orbital elements, are not random 
collections of field objects but show a high degree of Internal homogeneity (Hansen, 1977; 
Gradle and Zellner, 1977). The families apparently originated as the collision fragments 
of discrete parent bodies. Thus we can see Into the Interior of the parent bodies. Includ- 
ing possibly differentiated objects. In ways not possible for the major planets and their 
satellites. 

The better-populated families often have only one or two large members or consist en- 
tirely of small objects. Thus they were generally overlooked in the bright-asteroid sur- 
veys and are only now being explored by UBV and similar techniques. When comparing the 
compositions of the smaller family members with the non-family field population, we are 
dependent upon an Incompletely- tested assumption, namely that the mixture of types seen 
for large asteroids Is also characteristic of the field population at small sizes. 
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Fig. 2. Ratio of bias-corrected type fre- 
quencies, as a function of orbital semimajor 
axis. Open circles Indicate zones contain- 
ing major Kirkwood gaps. Adapted from 
Zellner and Bowell (1977). 


Fig. 3. Bias-corrected number of asteroids 
of Type C, and Types S plus M, In Intervals 
of 0.05 in log diameter for the whole main 
belt. Adapted from Zellner and Bowell 
(1977). 
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Fig. 4. Observed UBV colors for minor planets in the Hirayama families 
associated with 24 Themis, 158 Koronis, 221 Eos, and 44 Nysa. Color domains 
of the C, S, M, and E Types are as defined by Bowell et al. (1978). The 
symbol at B-V * 0.63, U-B » 0.10 indicates adopted colors of the Sun. The 
open circle in the Nysa family represents the M object 135 Hertha. Data are 
from the TRIAD file and from Oegewij et al. (1978). 


Figure 4 illustrates UBV data for four families. The family Arnold 74 is located in 
the inner regions of the main belt but seems to contain no typical C or S asteroids at all. 
It consists of the irregularly-shaped 80 km E object 44 Nysa, the 80 k.n M object 135 Hertha, 
and at least six small fragments of an unidentified but unusual compositional type. 
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Zellner et ^tl. (1977b) attempted to reconstruct this family as in Figure 5, with the hypo- 
thesis that the small fragments are also of the E type and that, together with 44 Nysa, 
they represent the enstatite-achondritic shell collisionally spalled from the iron core 
135 Hertha. Alternate interpretations are possible, as for example a forsterite mineral- 
ogy for the E objects, or an enstatite-chondritic nature for Hertha and some of the small 
fragments. Meteoritic evidence tends to favor a conwon origin for the enstatite chon- 
drites and achondrites (Clayton .,-t o!., 1976; Hertogen rt al., 1978). In any case a very 
interesting parent body has been broken open to form the 44 Nysa family. 

The families Hirayana 2 (221 Eos' and Hirayama 3 (158 koronis) are the subject of a 
survey in progress by UBV and thernal-radiometric technig rs (Gradie ct al . , 1977). The 
Koronis objects appear to be entirely of Type S, although the field population consists of 
at least 80% Type C at its heliocentric distance. This family (as does Hirayama 2) has no 
prominent largest member but at least a do/en objects in the 30-50 km size range, and is 
clearly the result of a catastrophic fragmentation event. Here we have evidence that S 
objects are internally homogeneous with no large iron core or other marked compositional 
inhomogeneity. 

The 221 Eos family is similarly distinct from the field population and contains tho 
only known asteroids which appear to be intermediate bet'-'^n C and S types. Preliminary 
indications are that they in fact fom; a linear series between typical C and S properties 
in both albedo and color. A reflection spectrum of 221 Cos itself (McCord and Chapman, 
19"^5) is peculiar and has been interpreted in terms of a mixture of mafic silicates and 
opaques perhaps resembling the C3 chondrites (Gaffey and McCord, 1977). Further specula- 
tions on the nature of this family would be premature. 

In UDV colors the 24 Themis family (Hirayama 1) appears to consist entirely of C ob- 
jects, six of them falling in the 100-200 km diameter range. Here we have a background 
problem, since the field population at semimajor axis 3.14 AU is at least 90 of Type C. 
Still the chances are small that no S or other types would be found out of 19 objects 
sampled, and this family also appears to have a collisional o»'1gin. 


Fig. 5. Reconstruction of the 44 Nysa y 

family, as suggested by Zellner r' u/. y'' 

(1977b). 135 Hertha is taken to represent » 

a metallic core, and 44 Nysa and the smaller / 
fragments a mantle of enstatic-achondntic i 

(or other transition-metal-free) material. ' 
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It has several times been suggested that C asteroids may consist of S type or other 
stony-metallic cores which subsequently accreted surface layers of dark carbonaceous mate- 
rial. This hypothesis may be attacked on several grounds, one of which is the evidence 
from the families. For the Koronis object it would be necessary to assume that the C 
material was entirely removed before the major collision that produced the family, or else 
disposed of in some way. For the Themis family the putative core would have to be still 
concealed in one of the larger members. 

Finally, let me note that at least half the asteroid population cannot be assigned* to 
recognizable family groups, but may nevertheless have originated in collisions for which 
the debris Is now widely dispersed. Thus the overall complexion of the belt, including 
such general trends as seen in Figure 2, may be telling us more about the individual prop- 
erties of a rather small number of parent bodies than about the continuum properties of the 
solar nebula. 


THE OUTLIERS 

Of the 2045 presently numbered minor planets, 1917 move in orbits with semimajor axis 
between 2.06 and 3.65 AU, eccentricity <0,35, and inclination '-30'’. Of the remainder, 

there are 21 numbered Trojans near the equilateral Lagrangian points of Jupiter, 27 Hildas 

near the 2/3 resonance at 3.95 AU, 16 Hungarias with relatively high inclination orbits 
inside the 1/4 resonance, and 48 Apollo/Amor objects in Mars- or Earth-crossing orbits 
(see Figure 1). The sampling is clearly much biased in favor of nearby objects. Sixteen 
numbered asteroids, including 2 Pallas with its exceptional inclination, fall into none of 
the above categories. The Hungarias, Hildas, and Trojans may have been formed at their 

present distances, but the Apollos and Amors appear to need a source of replenishment from 

the main belt or from the comet population (Wetherill, 1976, 1978). 
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Fig. 6. UBV colors for twelve aster- 
oids in Earth- and Mars-crossing orbits. 
Data are from the TRIAD file. 


Fig. 7. UBV colors for nine Trojan aster- 
oids {filled circles) and for the outer 
satellites JVl, JVII, and Phoebe. Data 
are from Degewij et al . (1978) and unpub- 
lished results at the University of Arizona. 




.,!'l 

! 


t 


f 

} 

I I 


I , 
I 



I » 

, \ 

\ 

I 



105 






Figure 6 Illustrates UBV data for a dozen small bodies In Earth- and Mai s-crossing 
orbits. Mostly they have S-llke optical properties, but bias corrections are difficult. 
(Actually the distribution of types Is very similar to that for the dozen brightest main 
belt asteroids.) Some of these have been studied In detail, and 433 Eros is perhaps the 
best-observed of minor planetr {loante. Volume 28, No. 1, 1976). Object 1685 Toro Is the 
best Identified candidate for an ordinary-chondritic composition among the asteroids 
(Chapman et al. , 1973). Object 1580 Betulla is the only well-established C type among the 
Mars-crossers; 1474 Beira has relatively neutral colors of unknown significance. 

Figure 7 displays UBV colors for nine Trojan?. McCord and Chapman (1975) reported 
exceptional reflection spectra turning upward in the Infrared, unlike anything in the main 
belt, for the Trojans 624 Hektor and 911 Agamemnon. The available UBV colors and uniformly 
low thermal-radiometric albedos (Cruikshank, 1977; Degewlj et al. , 1978) argue a high 
degree of homogeneity among the Trojans, with an unidentified composition distinct from the 
rest of the asteroids. Figure 7 also Illustrates remarkably similar colors, distinct from 
the Trojans, for the outer satellites JVI, JVII, and Phoebe. 

The Hilda asteroids are poorly explored. UBV colors reported by Degewij et at. (1978) 
are generally Trojan-like, but with wider scatter. Degewij et al. find a variety of types 
among the Hungarias; 434 Hungaria itself is of the very rare E type. 


FUTURE WORK 

In spite of enormous progress in the last five year., we are only beginning to scratch 
the surface of the minor planet population with regard tc some very interesting questions. 
Future space missions may be limited by the laws of celestial mechanics to objects which 
now seem wholly insignificant, and it is vital that we be able to make intelligent choices 
among such possible targets. Returns from the Infrared Astronomy Satellite will trivialize 
efforts to date in the art of asteroid thermal radiometry, but radiometry alone is not 
enough for mlneralogical classification. The UBV technique is capable of reaching almost 
any numbered asteroid, but is also limited In diagnosticity. 

Detectors now exist by which it is possible to obtain diagnostic spectral reflectivity 
data at wavelengths out to 0.10 pm for quite faint objects. A thousand minor planets could 
be thus observed in three years' work, and I believe that such a dedicated ground-based 
survey is the critical next step. 
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DISCUSSION 

CHAPMAN: You have looked at several of the most populous families. Previously published 
data on representatives of other families have shown that they have heterogeneous com- 
positions among the members, so it is not a general rule that asteroid families have 
members with Identical compositions. There are other cases where there are considerable 
differences. 

ZELLNER: We should look at those too. 
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Surface mineralogy of asteroids can be Inferred In many cases 
using a variety of spectroscopic remote sensing techniques. 
Through the application of these techniques, mainly over the 
past ten years, mineral assemblages analogous to most meteor- 
He types have been found as surface materials of asteroids. 
Conspicuously rare or absent from the main asteroid belt are 
ordinary chondr1te-11ke assemblages, while carbonaceous mate- 
rials are common as are metal-silicate assemblages. The dis- 
tribution of mineral assemblages with asteroid size and 
distance from the Sun reveals heterogeneity which Is surely 
Informative of early accretionary and evolution processes, 
but the precise meanings are yet to be agreed on. 

Low temperature assemblages are relatively more abundant with 
Increasing distance from the Sun. All assemblages generally 
can be found inside 3.0 AU and metal plus orthopyroxene assem- 
blages are concentrated inside 2.5 AU. 


INTRODUCTION 

Surface mineralogy Is one of the most revealing types of information obtainable about 
asteroids, since direct evidence of the compositional and thermal evolution of the objects 
Is derivable. The mineral assemblages present are more Informative than elemental abun- 
dances, for the exact combinations of elements In a mineral and the crystal structure are 
wry sensitive to the composition of the parent material and to the temperature and pres- 
sure history. 

Near ultraviolet, visible, and near-infrared reflectance spectroscopy is the most 
definitive available technique *or the re.-note determination of asteroid surface mineral- 
ogies and petrologies. Electronic absorption features present in the reflectance spectra 
of asteroids (Figure 1) are directly related to the mineral phases present (Adams, 1975; 
McCord et al., 1978). 

Polarlmetry, Infrared radlometry and several other techniques (Morrison, 1978) provide 
complementary Information, such as albedo, which, although not a unique function of mineral- 
ogy, Is very useful In differentiating between mlneralogic groups and In resolving ambigu- 
ities. * 


PREVIOUS CHARACTERIZATIONS OF ASTEROID SURFACE MATERIALS 

McCord et al. (1970) measured the first 0. 3-1.1 urn spectrum of an asteroid, 4 V»sta, 
and Identified an absorption feature near 0.9 urn (see Figure 1) as due to the mineral py- 
roxene. They suggested that the surface material was similar to basal ;.1c achondritic 
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ineteorltes. Hapke (1971) compared the UBV colors of a number of asteroids to a variety of 
lunar, meteoritic and terrestrial rocks and rock powders. He concluded that the surface 
material of these asteroids could be matched by powders similar to a range of the compari- 
son materials but not by metallic surfaces. Chapman and Salisbury (1973) indicated that 
some matches between asteroid and meteorite spectra were found for several meteorite types 
including enstatite chondrites, a basaltic achondrite, an optically unusual ordinary chon- 
u~ite and, possibly, a carbonaceous chondrite. Johnson and Fanale (1973) showed that the 
aloedo and spectral characteristics of some asteroids are similar to Cl and C2 carbonaceous 
chondrites and others to iron meteorites. The latter two sets of authors noted the problem 
of defining precisely what constituted a 'match,' and both raised the question of subtle 
modification of asteroid surface materials by in situ space weathering processes. Salisbury 
and Hunt (1974) raised the question of the effects of terrestrial \.,athering on meteorite 
specimens and the validity of matches between the spectra o' such specimens and the aster- 
oids. 


McCord and Gaffey (1974) utilized absorption features and general spectral properties 
to characterize surface materials of 14 asteroids. They identified minera’ assemblages 
similar to carbonaceous chondrite, stony-iron, iron, basaltic achond-ite and silicate-metal 
meteorites. At that time it was possible to establish the general identity of the spec- 
trally important minerals in an assemblage, but very difficult to estaolish their relative 
abundances. 

Chapman et al. (1975) utilized spectral, albedo and polarization parameters to define 
two major asteroid groups. The first group was characterized by having low albedos (^0.09), 
strong negative polarizations (>1.1%) at small phase angles and relatively flat, feature- 
less spectral reflectance curves. These parameters were similar to those for carbonaceous 
chondrites and these asteroids were designated as ’carbonaceous' or C type. The second 
group was characterized as having higher albedos (^0.09), weaker negative polarizations 
(0.4-1. OS) and reddish, sometimes featured spectral curves. These parameters were compara- 
ble to those for most of the meteorites which contain relatively abundant silicate minerals 
so this group was designated 'siliceous or stony-iron' or S types. A small minority 
(-vlOS) of the asteroids could not be classified in this system and were designated 'unclas- 
sified' or U types. This classification system has been redefined recently by Bowel! et al. 
(1978). (In this volume, see Morrison, 1978.) 

This simple classification scheme can be quite useful since it does seem to often 
separate these two major types of objects and the obse-vational parameters on which the 
scheme is based can be measured at present for objects fainter than those for which com- 
plete spectra can be obtained. The choice of terminology is unfortunate, however, since 
it implies a specific definition of surface materials in meteoritic terms, which was not 
intended. Any 'flat-black' spectral curve would be designated C type whether or not the 
surface material would be characterized as carbonaceous by any other criteria. A similar 
objection can be raised with respect tc t*'? 'siliceous' terminology since it implies a 
degree of specificity not present in the classification criteria. 

Thus, while the C and S classification of astero’ds cannot be viewed as a description 
of mineralogy or petrology, it does provide valid characterization with respect to the 
chosen parameters. Since the groups appear in each of the parameters used (albedo, polari- 
zation, color), a single measurement such as UBV color can be used to classify the asteroid 
(Zellner et al. , 1975; Zellner et al., 1977b; Zellner and Bowell, 1977; Morrison, 1977a, b). 
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Fig. 1. Typical spectral reflectance curves for the various asteroid spectral groups: 

3 Juno, RA-1; 8 Flora, RA-2; 16 Psyche, RR; 9 Metis, RF; 4 Vesta, A; 349 Dembowska, A; I 

1 Ceres, F; 141 Lumen, TA; 10 Hygiea, TB; 51 Nemausa, TC; 80 Sappho, TO; and 532 Herculina, I 

TE. Spectral curve for each asteroid is displayed in several formats: left--normalized ^ 

reflectance versus wavelength (pm); center--normalized reflectance versus energy (wave- f 

number, cm"*; and right- -difference between spectral curve and a linear 'continuum' fitted i 

through 0.43 pm and 0.73 pm points. (From Gaffey and McCord, 1978.) 
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This approach can also be utilized to identify anomalous objects (Zellner, 1975; Zellner 
et al. , 1977a) or to establish possible genetic »elationships between members of asteroid 
dynamical families (Gradie and Zellner, 1977). Chapman (1976) utilized the basic CSM clas- 
sification system but identified subdivisions based on additional spectral criteria {'slope,' 
'bend' and 'band depth'; McCord and Chapman, 1975a, b) which are mineralogically significant. 


Johnson tit al. (1975) measured the near-infrared reflectance of three asteroids 
through the broad bandpass J, H, and K filters (1.Z4, 1.65 and 2.2 miii) and concluded that 
these were consistent with the infrared reflectance of suggested meteoritic materials. 
Matson tit al. ( 1977a, b) utilized infrared H and K reflectances to infer ttiut space weather- 
ing processes were relatively inactive on asteroid surfaces in contrast to the surfaces of 
the Moon and Mercury. 


A very favorable apparition in early 1975 pennitted the measurement of a variety of 
spectral data sets for the Earth-approaching asteroid 43.1 Eros. Pieters ,■? a'. (1976) 
measured the 0.33-1.07 urn spectral reflectance oi Eros tnrough 2b narrow bandpass filters. 
This curve was interpreted as indicating an assemblage of olivine, pyroxene and metal, with 
metal abundance equal to or greater than that in the H-type chondrites. Veeder t'C al . 
(1976) measured the spectrum of Eros through 11 filters from 0.65-Z.Z om and concluded that 
their spectral data indicated a mixture of olivine and pyroxene with a metal-like phase. 
Wisniewski (1976) concluded from a higher resolution spectrum (0. 4-1.0 yiii) that this sur- 
face was best matched by a mixture of iron or stony-iron material with ordinary chondritic 
material (c-.i/. , iron + pyroxene + olivine), but suggested that olivine is absent or rare. 
Larson et al. (1976) measured the 0.9-2. 7 um spectral reflectance curve for Eros and iden- 
tified Ni-Pe and pyroxene, but found no evidence of olivine or feldspar. The dispute over 
the olivine content arises berause of slight differences in the observed spectra near 1 um, 
and the uncertainty in the metal abundance is due to incomplete quantitative understanding 
of the spectral contribution of metal in a mixture witn silicates. 


In a comprehensive article, Gaffey and McCord (1977) presented a detailed mineraloq- 
ical analysis of 65 asteroid reflectance spectra and arrived at the most complete descrip- 
tion existing of the mineral assemblages present on asteroid surfaces. They also gave a 
review of the field and a detailed discussion of the interpretive techniques applied to 
derive mineralogy. Much of the material in the present article is derived from this paper 
and the reader is referred to it for more detailed and comprehensive infonnation. 


The evolving characteri zation of the surface mineralogy of the asteroid 4 Vesta is 
illustrative of the improving sophistication of the interpretati ve process. 


a. 


McCord ct al. (1970) measured the reflectance spectrum of Vesta 
with moderate spectral resolution and coverage (0.40-1 00 um, 
u24 filters). They identified a deep absorption band (vO.92 um) 
which they interpreted as diagnostic of a pigeonite (pyroxene 
with moderate calcium content). The spectrum was m.itched to that 
of a eucritic basaltic achondrite (pyroxene ♦ plagioclase). A 
second pyroxene band was predicted near 2.0 jmi. 





Chapman (1972) obtained a spectral curve of Vesta with the 
absorption feature centered near 0.95 um which was interpreted 
to indicate a more calcium- or iron-rich pigeonite. 


Chapman and Salisbury (1973) compared this spectrum to a range 
of meteorites and concluded that it was best matched by a 
laboratory spectrum of the howarditic basaltic achondrite. 
Kapoeta. 


, I 


t 

, I 


i ; 

I 


i J 






;■ r- 




d. Veeder et al. (1975) measured a high-resolution ('vSO A) 

0. 6-1.1 um reflectance spectrum of Vesta, determined the ab- 
sorption band position to be 0.92 ± 0.02 um and interpreted 
this to represent a calcic pyroxene or eucritic basaltic 
achondrite. 

e. Johnson et al. (1975) measured the broad bandpass reflectance 
of Vesta at 1.65 and 2.20 um (H and K filters) and concluded 
that the data matched that expected for a basaltic achon- 
dritic surface material. They emphasized the need for higher- 
resolution spectra beyond 1.0 um. 

f. Larson and Fink (1975) determined the 1. 1-3.0 um reflectance 
of Vesta relative to the Moon. They identified the predicted 
second pyroxene band and confirmed the existence of pyroxene 
in the surface material. They indicated that no absorption 
bands for olivine, feldspar or ices were seen in the spectrum. 

g. McFadden et al. (1977) measured the high-resolution (20-40 A) 

0.5-1.06 um spectrum and determined the band position to be 
0.924 t 0.004 um. They inferred the presence of a 10-12 mo1e% 

Ca pyroxene and suggested that the symmetry of the absorption 
feature indicated little or no olivine. 

h. Larson (1977) presented the 1.0-2. 5 um reflectance curve of 
Vesta relative to the Sun. The band minimum (2.00 t 0.05 um) 
is within the field of eucrite metecrites, although it may 
overlap with the howardite field. 

Improvements in the mineralogical and petrological characterization of the surface 
materials of 4 Vesta result partly from improvements in spectral resolution and coverage. 
Perhaps most important has been the improved understanding of the mineralogical signifi- 
cance of absorption features in reflectance spectra. The recent effort has concentrated 
on characterizing the mineral absorption features more precisely, but the original inter- 
pretation (McCord et al. , 1970) still appears valid. 


SUMMARY OF ASTEROID MINERALOGICAL INFORMATION 

Mineralogical interpretation of the observed spectra of approximately sixty asteroids 
has been made utilizing the wavelength dependent optical properties of meteoritic and 
meteorite- like mineral assemblages (see Gaffey and McCord, 1978) and a summary is given in 
Tables 1 and 2. The albedos (radiometric) and the depth of the negative branch of the 
polarization-phase curve have been used to provide an indication of the bu’k optical den- 
sity of the surface material, which constrains the interpretation of the surface mineralogy 
and petrology. A wide variety of mineralogical assemblages have been identified as aster- 
oid surface materials. These assemblages are mixtures of the minerals found in meteorites. 
However, the relative abundance of mineral assemblage types present on main belt asteroid 
surfaces differs radically from the relative abundance of meteoritic mineral assemblages 
arriving at the Earth's surface. The relative abundances of various assemblages as dis- 
cussed here are uncorrected for observational bias against the smaller, darker, and more 
distant asteroids as described by Chapman et al. (1975), Morrison (1977b), and Zellner and 
Bowel 1 (1977). 
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Table 1. Asteroid 

Surface Materials: 

Characterizations^*^ 



Spectral 

Mi neral 

Meteoritic 

CSM 

H5 tcro 1 u 

Type 

Assemblage (b) 

Analogue (c) 

Type (d) 

1 Ce*'es 

F 

Sil(O), Opq{M)* 

C4 (Karoonda) 

C (C*) 

2 Pallas 

F 

Si 1(0). OpqlM)* 

C4 (Karoonda) 

U (C*) 

3 Juno 

RA-1 

NiFe (OKPx) 

01-Px Stony-iron 

S 

4 Vesta 

A 

Cpx 

Eucrite 

U 

6 Hebe 

RA-2 

NiFe > Cpx 

Mesosideri te 

S 

7 Iris 

RA-1 

NiFe, 01, Px 

Ol-Px Stony- Iron 

S 

8 Flora 

RA-2 

NiFe ; Cpx 

Mesosideri te 

S 

9 Metis 

RF 

NiFe. (Si1(E)) 

E. Chon. Iron 

S 

10 Hygiea 

TB 

Phy, Opq(C) 

C1-C2 

C (C*) 

11 Parthenope 

RF 

NiFe. (Sil(E)) 

E. Chon. Iron 

S 

14 Irene 

RA-3 

NiFe, Px 

Px Stony- Iron 

S 

15 Eunomia 

RA-1 

NiFe ' (01-‘>Px) 

01 -Px Stony- Iron 

s 

16 Psyche 

RR 

NiFe, Si1(E) 

E. Chon. Iron 

M 

17 Thetis 

RA-2 

NiFe. Cpx 

Mesosideri te 

S 

13 Melpoii-ene 

TE 

Sil(O), Opq(C) 

C3 

s 

19 Fortuna 

TA 

Phy. Opq(C) 

C1-C2 

c 

25 Phocaea 

RA-2 

NiFe, Px, Cpx 

Px Stony- Iron 

s 

27 Euterpe 

RA-2 

NiFe, Px, Cpx 

Px Stony- 1 roil 

s 

28 Bel Iona 

TE 

Si1(0). Opq(C) 

C3 

s 

30 Urania 

RF (?) 

--- 

... 

s 

39 Laetitia 

RA-1 

NiFe (Ol'i-Px) 

Ol-Px Stony-Iron 

s 

40 Hamtonia 

RA-2 

NiFe ' Px 

Mesosideri te 

s 

48 Doris 

TA 

Pny, Opq(C) 

C1-C2 

c 

51 Nenausa 

TC 

Phy. Opq(C) 

C1-C2 

c 

52 Europa 

TA 

Phy, Opq(C) 

C1-C2 

c 

58 Concordia 

TABC 

Phy, Opq(c) 

C1-C2 

c 

63 Ausonid 

RA-3 

NiFe, Px 

Px Stony- Iron 

s 

79 Eurynonte 

RA-2 

NiFe V Cpx 

Mesodideri te 

s 

80 Sappho 

TO 

Sil(O), Opq(C) 

C3 

Li 

82 Alkmene 

TE 

Si 1(0). OpqvC) 

C3 

s 

85 lo 

F 

Si1(0). Opq(M)* 

C4 (Karoonda) 

c 

88 Thisbe 

TR 

Phy, Opq(C) 

C1-C2 

c 

130 Elektra 

TABC 

Phy, Opq(C) 

C1-C2 

u 

139 Juewa 

TB 

Phy. Opq(C) 

C1-C2 

c 

140 Siwa 

RR 

NiFe, Sil(E) 

E. Chon. Iron 

c 

141 Lumen 

TA 

Phy, Opq(C) 

n-C2 

c 

145 Adeona 

TA 

Phy, Ooq(C) 

C1-C2 

c 

163 Erigone 

TA 

Phy, Opq(C) 

C1-C2 

c 

166 Rhodope 

TC 

Phy, Opq(C) 

C1-C2 

u 

176 Ui .na 

TA 

Phy, Opq(C) 

C1-C2 

c 

192 Nausikaa 

TA-2 

NiFe A (PxHll) 

Px-01 Stony- Iron 

s 

194 Prokne 

TC 

Phy, Opq(C) 

C1-C2 

c 

210 Isabella 

TABC 

Phy, Opq(C) 

C1-C2 

c 

213 Lilaea 

F 

Si1(0), Opq(Ml* 

C4 (Karoonda) 

c 


I 
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Table 1 (continued) 


Asteroid 

Spectral 

Type 

Mineral 

Assemblage (b) 

Meteori tic 
Analogue (c) 

CSM 

Type (d) 

221 Eos 

TO 

Sil(O), Opq(C) 

C3 

U 

230 Athamantis 

RF 

NiFe. (Sil{E)) 

E. Chon., Iron 

S 

324 Bamberga 

TABC 

Phy, Opq(C) 

C1-C2 

C 

335 Roberta 

F 

Sil(O), Opq(M)* 

C4 (Karoonda) 

U 

349 Dembowska 

A 

01, (NiFe) 

01. Achondrite 

0 

354 Eleonora 

RA-1 

NiFe 01 

Pal Iasi te 

S 

433 Eros (e) 

-- 

Px 01 , NiFe 

H Chondri te 

S 

462 Eriphyla 

RF (?) 

--- 

--- 

S 

481 Emita 

TABC 

Phy, Opq(C) 

C1-C2 

c 

505 Cava 

TA 

Phy, Opq(C) 

C1-C2 

c 

511 Davida 

TB 

Phy, Opq(C) 

C1-C2 

c (C*) 

532 Herculine 

TE 

Sil(O). Opq(C) 

C3 

s 

554 Peraga 

TA 

Phy, Opq(C) 

C1-C2 

c 

654 Zelinda 

TC 

Phy, Opq(C) 

C1-C2 

c 

674 Rachele 

RF (?) 

— 

— 

s 

704 Interamnia 

F 

Sil(O), Opq(M)* 

C4 (Karoonda) 

u 

887 Alinda 

TD 

Sil(O), Opq(C) 

C3 

s 

1685 Toio (f) 

-- 

Px, 01 

L Chondri te (?) 

u 


(a) From Gaffey and McCord (1978). 

(b) Mineral assemblage of asteroid surface material determined from interpretation of 

reflectance spectra: NiFe (nickel-iron metal); 01 (olivine); Px (pyroxene, gener- 

ally low calcium orthopyroxene); Cpx (cl inopyroxene, calcic pyroxene); Sil(O) 

(aiic silicate, most probably olivine); Si(E) (spectral neutral silicate, most 
probably iron-free pyroxene (enstatite), or iron-free olivine ( forsteri te) ; Phy 
(phyl losi 1 1 icate, layer lattice silicate, meteoritic clay mineral, generally hy- 
drated, unleached with abundant subequal Fe^''^ and Fe^'*’ cations); Ooq(C) (opaque 
phase, most probably carbon or carbon compounds); Opq(M) (opaque phase, most prob- 
ably magnetite or related opaque oxide). 

Mathematical symbols ('>', greater than; *>>', much greater than; 'v', approximately 
equal) a'^e used to indicate relative abundance of mineral phases. In cases where 
abundance is undetermined, order is of decreasing apparent abundance. 

Asteroidal spectra which are ambiguous between *TDE‘ and 'RF‘ are not characterized 
iineralogical ly. 

(c) Meteoritic inalogues are examples of meteorite types with similar mineralogy but 
genetic links are not established. For example, objects designated as analogous to 
mesosideri ;es could be a mechanical metal-basaltic achondritic mixture. 

(d) Asteroidal spectral type as defined by Chapman ct al . (1975) and as summarized by 
Zellner and Bowel 1 ( 1977). C* designation from Chapman (1976). 

(e) Pieters et al . (1976). 

• t) Chapman et al. (1973) . 
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Table 2^^^ 


Orbital Parameters 


Asteroid 

(AU) 

e 

1 

(deg) 

Albedo (b) 
(*) 

Pmin (c) 
(%) 

Diameter 

(km) 

1 Ceres 

2.767 

0.08 

10.6 

5.4 

1.67 

1003 

2 Pallas 

2.769 

0.24 

34.8 

7.4 

1.35 

608 

3 Juno 

2.670 

0.26 

13.0 

15.1 

0.75 

247 

4 Vesta 

2.362 

0.09 

7.1 

22.9 

0.55 

538 

6 Hebe 

2.426 

0.20 

14.8 

16.4 

0.80 

201 

7 Iris 

2.386 

0.23 

5.5 

15.4 

0.70 

209 

8 Flora 

2.202 

0.16 

5.9 

14.4 

0.60 

151 

9 Metis 

2.386 

0.12 

5.6 

13.9 

0.70 

151 

10 Hygiea 

3.151 

0.10 

3.8 

4.1 

- 

450 

11 Parthenope 

2.453 

0.10 

4.6 

12.6 

0.70 

150 

14 Irene 

2.589 

0.16 

9.1 

16.2 

- 

158 

15 Eunomla 

2.642 

0.19 

11.7 

15.5 

0.70 

272 

16 Psyche 

2.920 

0.14 

3.1 

9.3 

0.95 

250 

17 Thetis 

2.469 

0.14 

5.6 

10.3 

0.65 

109 

18 Melpomene 

2.296 

0.22 

10.1 

14.4 

- 

150 

19 Fortuna 

2.442 

0.16 

1.6 

3.2 

1.65 

215 

25 Phocaea 

2.401 

0.26 

21.6 

18.4 

- 

72 

27 tuterpe 

2.347 

0.17 

1.6 

14.7 

0.60 

108 

28 Bel Iona 

2.776 

0.15 

9.4 

13.2* 

- 

126* 

30 Urania 

2.365 

0.13 

2.1 

14.4 

0.75 

91 

39 Laetitia 

2.769 

0.11 

10.4 

16.9 

0.70 

163 

40 Harmonia 

2.267 

0.05 

4.3 

12.3 

0.75 

100 

48 Doris 

3.114 

0.06 

6.5 

- 

- 

- 

51 Nemausa 

2.366 

0.07 

10.0 

5.0 

1.95 

151 

52 Europa 

3.092 

0.11 

7.5 

3.5 

- 

289 

58 Concordia 

2.699 

0.04 

5.0 

- 

• 

- 

63 Ausonia 

2.395 

0.13 

5.8 

12.8 

0.65 

91 

79 Eurynome 

2.444 

0.19 

4.6 

13.7 

- 

76 

80 Sappho 

2.296 

0.20 

8.7 

11.3 

- 

83 

82 Alkmene 

2.763 

0.22 

2.8 

13.8 

- 

65 

85 lo 

2.654 

0.19 

11.9 

4.2 

- 

147 

88 Thisbe 

2.768 

0.16 

5.2 

4.5 

- 

210 

130 Elektra 

3.111 

0.21 

22.9 

5.0* 

- 

173* 

139 Juewa 

2.783 

0.17 

10.9 

4.0 

1.30 

163 

140 Siwa 

2.732 

0.21 

3.2 

4.7 

- 

103 

141 Lumen 

2.665 

0.21 

11.9 

2.8 

1.75 

133 

145 Adeona 

2.674 

0.14 

12.6 

- 

- 

- 

163 Erigone 

2.367 

0. 19 

4.8 

- 

- 

- 

166 Rhodope 

2.686 

0.21 

12.0 

- 

- 

- 

176 Iduna 

3.168 

0.18 

22.7 

- 

- 

- 

192 Nausikaa 

2.40.3 

0.25 

6.9 

16.5 

- 

94 

194 Prokne 

2.616 

0.24 

18.5 

2.7 

- 

191 

210 Isabella 

2.722 

0.12 

5.3 

- 

- 

- 

213 Lilaea 

2.754 

0.15 

6.8 

- 

- 

- 


Table 2 (continued) 


Orbital Parameters 


Asteroid 

(AU) 

e 

i 

(deg) 

Albedo (b) 
("■) 

Pmin (c) 
(7) 

Diameter I 
(km) 

221 Eos 

3.014 

0.10 

10.8 




230 Athamantis 

2.383 

0.06 

9.4 

10.0 

- 

121 

324 Bamberga 

2.682 

0.34 

11.2 

3.2 

1.45 

246 

335 Roberta 

2.473 

0.18 

5.1 

- 

- 

- 

349 Dembowska 

2.925 

0.09 

8.3 

26.0 

0.35 

144 

354 Eleonora 

2.797 

0.12 

18.4 

14.8 

0.- - 

153 

433 Eros 

1.458 

0.24 

10.8 

17.4 

0. ,0 

23 

462 Eriphyla 

2.872 

0.09 

3.2 

- 

- 

- 

481 Emita 

2.743 

0.16 

9.8 




505 Cava 

2.686 

0.24 

9.8 

- 

- 


511 Davida 

2.187 

0.17 

15.8 

3.7 

1.70 

323 

532 Herculina 

2.771 

0.17 

16.3 

10.0 

0.75 

150 

554 Peraga 

2.375 

0.15 

2.9 

3.9* 


101* 

654 Zelinda 

2.297 

0.23 

18.2 

3.2* 

* 

128* 

674 Rachele 

2.921 

0.20 

13.6 

. 


- 

704 Interamnia 

3.057 

0.15 

17.3 

3.3 

- 

350 

887 Alinda 

2.516 

0.54 

9.1 

16.6 

0.75 

4 

1566 Icarus 

1.078 

0.83 

23.0 

16.6* 


1* 

1685 Toro 

1.368 

0.44 

9.4 

12.4* 


3* 


From Gaffey and McCord (1978). 

Albedos and diameters by the radiometric technique as sunriarized by Morrison (1977b). 
Those indicated by an asterisk are regarded as of marginal certainty. 

Depth of the negative branch of the phase-polarization curve (Pmin^ suninarized by 
Chapman et al. (1975). 


A large fraction (^.40 ) of the interpreted soectra indicate surface materials composed 
of an abundant (spectrally) opaque phase carbon, carbonaceous compounds and/or mag- 

netite) mixed with an Fe- -Fe'^ silicate (t-..;. , low temperature hydrated silicate or clay 
minerals as found in the Cl and C2 meteorites). A range of subtle variations of these 
spectra indicates that a variety of those opaque-rich clay mineral assemblages exist on 
asteroid surfaces. 


Approximately a quarter of the interpreted spectra imply surface materials composed of 
mafic silicates (olivine, pyroxene) mixed with an opaque phase. These materials are compa- 
rable to the C3 and C4 carbonaceous chondritic assemblages. The majority (-vlS' of total) of 
these spectra are characterized by a significant but not overwhelming spectral contribution 
by the opaque phases. These assemblages are comparable to the 'olivine + opaques' C30 
and C3V meteoritic assemblages. About 10' of the total objects studied apparently 
represent similar silicates (olivine) with a spectrally dominant opaque phase. Recent 
studies of Ceres by Lebofsky (1978) and Gaffey (1978) suggest that anomalous iron-free clay 
minerals, not yet observed in meteorites, may be an important surface component of these 
asteroids. 

Most of the remaining spectra (about a third of the interpreted spectra) exhibit char- 
acteristics of a significant spectral contribu*^ion from metallic iron or nickel-iron. The 
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surface materials of these asteroids appear to consist of assemblages of Nl-Fe, either 
alone or with a variety of silicates. Including metal or metal plus a transition metal- 
free silicate (a.g., enstatite or forsterlte), metal plus olivine, metal plus pyroxene 
and metal plus olivine plus pyroxene. The majority of these metalliferous objects appear 
to have surface materials with abundant (\.25-75%) metal. The apparent metal abundances In 
these surface materials are comparable to those In the stony-iron meteorites and represent 
a significant enrichment over the cosmic abundance. 

The range of mineral assemblages present on asteroid surfaces Is an indication of the 
range of processes that have acted on the asteroids and asteroid parent bodies. Most mod- 
ern cosmological models assume that the solid bodies of the solar system accreted from 
grains precipitated by a cooling nebula of solar composition (e.g., Cameron, 1973; Cameron 
and Pine, 1973; Lewis. 1972). The sequence of condensation with decreasing temperature In 
a solar nebula has been discussed extensively {e.g., Larimer, 1967; Grossman, 1972; 

Grossman and Larimer, 1974). In a condensation sequence which does not involve the large 
scale removal of condensed matter from contact and further reaction with the nebular gas 
(equilibrated or quasi-equilibrated condensation model), the unmetamorphosed chondritic 
meteorltic assemblages (Cl, C2, C3, LL 3-4, L 3-4, H 3-4, E 3-4) and the high temperature 
calcium-aluminum inclusions of the C-type meteorites (e.g. , Allende) can be fo>med by ac- 
cretion of direct condensation products. While the detailed sequence of mineral condensa- 
tion and reaction Is a function of nebular pressure, a major factor t^' bear in mind is that 
the oxidation of iron (Fe°) to Fe*^ begins to take place near 750''K, well below the temper- 
ature at which essentially all the silicate and metal phases will have condensed. In these 
models, the magnesium end members of the olivine and pyroxene materials condense near 1300‘’K 
but do not Incorporate the Fe'^ cations until the nebula has cooled below 750°K. The sen- 
sitivity of final product mineralogy (e.g. , Fe*^ distribution) to nebular conditions and 
processes (t’.g., isolated regions, gas-dust fractionation) and to accretionary and post- 
accretionary processes, can provide a key to utilizing mafic silicate mineralogy as a probe 
of the evolutionary history of certain regions of the solar system. 

There is evidence from these remote sensing techniques for three definable asteroid 
populations, with different condensation, accretion or thermal histories. 

1. The opaque + Fe‘'*’-Fe^'^ assemblages (spectral types TA, TB, TC, 
see Table 1) and their meteorite analogues. Cl and C2 chondrites, 
accreted from material apparently condensed at low temperature 
(<400"K) from the solar nebula. These materials have experienced 
weak or minimal post-accretionary thermal events. 

2. The opaque + mafic silicate assemblages (spectral types TD, TE, F) 
and their meteoritic analogues, the C3 and C4 chondrites, accreted 
from nebular condensate between 750‘'K and 350"K. The C4 meteor- 
ltic materials (type F asteroldal surface materials) appear to 
have experienced some post-accretionary metamorphism. 

3. The metal-rich differentiated asteroid surface assemblage (and 
most of the differentiated meteorites) accreted from material 
condensed below 750"K, and have experienced Intense heating 
events permitting magmatic differentiation to occur. 

DISTRIBUTION OF ASTEROID MATERIALS 

The distribution of the types of mineral assemblages with respect to orbital elements 
or size of body can provide insight into the nature of the asteroid formation and modifica- 
tion processes. Chapman rt al. (1975), Chapman (1976, 1977), and Zellner and Bowell (1977) 
have drawn several conclusions based on these distributions of C- and S-type asteroids. 
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The distribution of the mlneraloglc groups with respect to semimajor axis Is shown In 
Figure 2. These assemblages can be grouped according to post-accretionary thermal history 
Into two groups: (a) apparently unmodified low temperature, surface materials (Types TA, 

TB, TC = C2) and Intermediate temperature surface materials (Types TD, TE =■ C3), and 
(b) apparently metamorphosed or differentiated assemblages (Types RA. A, F). The distri- 
bution of these materials with respect to semimajor axis Is shown In Figure 3. 
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Fig. 2. Distribution of asteroid surface material groups as 
a function of the semlmajor axis of their orbits (uncorrected 
for observational bias) for the members of each spectral group 
discussed In the text Urom Gaffey and McCord. 1978). 
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ORBITAL RESONANCES WITH JUPITER 


7/2 3/1 8/5 5/2 7/5 9/i| 2/1 



Fig. 3. Distribution of asteroid surface material groups as a function of the semi- 
major axis of their orbits (uncorrected for observational bias) for grouos with 
diverse thermal histories (Primitive - apparently unaltered by any post-accretion- 
ary heating events - TA-TB-TC, TD-'''E and Thermalized - apparently heated and modified 
or melted and differentiated by some strong post-accretionary heating episode) and 
the distribution of the first 400 numbered asteroids (as a histogram per 0.02 AU) 
(from Gaffey and McCord, 1978). 


These distributions have not been corrected for observational bias, which favors 
brighter objects over darker objects; that is, objects with high albedos are favored over 
those with low albedos or objects with small semimajor axes are favored over those with 
large. Thus, for example, the number of TA-TB-TC objects should be multiplied by some fac- 
tor depending on size and semimajor axis to compensate for their low albedos. Zellner and 
Bowell (1977) have discussed this bias correction process in detail. 

These distributions verify the increase in relative abundance of the low temperature 
assemblages with increasing distance from the Sun reported by Chapman or u7. (1975), but 
they also show that inside about 3.0 AU, all types nenerally can be found in a region. The 
particular concentration of the metal plus orthopy xene assemblage contained in spectra 
type Km- 2 inside 2.5 AU is a distribution which s> ’d be considered in light of models 
for dif'^erentiating these objects. 

(he distribution of surface mineralogies with respect to the size of the bodies is of 
interest (Figure 4). Two significant factors should be noted. First, the largest sized 
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Fig. 4. Distribution of asteroid surface material groups as a 
function of asteroid diameters (uncorrected for observational 
bias). Primitive materials (TA-TB-TC and TD-TE) are compared 
to thermalized materials (RA-1, RA-2, RA-3, A, F) to provide an 
indication of the upper limits to the size distributions of the 
original populations (from Gaffey and McCord, 1978). 
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object of the TO and TE (■vC3) groups is significantly smaller than that of tne TA-TB-TC 
(\C2) group. This would tend to support the concept that the C3-type material was isolated 
in the interiors of bodies with C2-type surfaces (inhomogeneous accretion). Second, the 
largest sized body among 'thermalized' objects (RA, A, F) is significantly larger than that 
of the 'unthermalized' or 'primitive' objects (TA-TB-TC, TO, TE). This would imply that 
the size of the parent body may have an infl lence over post-accretionary heating. The cut- 
off in size below which heating did not take place appears to be approximately 300-500 km. 
Observational bias correction should enhance this discrepancy. 

The C2-like surface materials which dominate the main asteroid belt population appear 
to be relatively rare on the Earth-crossing and Earth-approaching asteroids (Apollo and Amor 
objects). Spectral reflectance curves have been interpreted for two Amor asteroids 
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(433 Eros -v- H5-6 or L5-6 assemblage; P<eters et at., 1976 and 887 Alinda ^ C3 assemblage) 
and for one Apollo asteroid (1685 Toro -» L6(?); Chapman et at. , 1973). Gehr«-ls et at. 
(1970) utilized several Indirect methods to deHne a wavelength dependent brightness curve 
for the Earth-crossing asteroid 1566 Icarus which Indicated the presence of an absorption 
feature In the region of 1 um (pyroxene?). Zellner et at. (1975) provided the UBV colors 
for two additional objects (1620 Geographos and 1864 Daedalus), both Type S. 7 liner and 
Bowell (1977) Indicate that of about 12 Apollo or Amor objects, one -s of T>pe -. While 
some have reservations with regard to the neteorltic specificity ot • le CSM classi Icatlon 
system, one can view C and S as approximately ‘C2‘ and ’not-C2.' 

It Is evident that the dominant C2-type assemblages of the main belt are under-reore- 
sented among the Apollo and Amor objects by about two orders of magnitude (-vl/IO instead of 
-'<10/1). This discrepancy implies that the Apollo and Amor asteroids are not randomly de- 
rived from the population of the main belt. If this population anomaly is not a recent or 
temporary event, then the source region which replenishes this inn-ar solar system popula- 
tion must be both restricted and strongly depleted in C2-type astetoidal materials. This 
suggests that these asteroids may be derived from the innermost portions of the belt, per- 
haps inside 2.0 AU. Wetherill (1977) has suggested that objects formed closer in to the 
Sun [e.g. , ordinary chondritic assemblages) may have been stored at the inner edge of the 
belt and may represent the source of these objects. The cometary hyoothesis (Opik, 1963, 
1966; Wetherill and Williams, 1968) for the origin of the Aoollo and Amor asteroids cannot 
be ruled cut on the basis of the available spectral data. Chapman 0977) reaches similar 
conclusions with respect to the origin of these asteroids. 
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DISCUSSION 


ARNOLD: Is it correct that no two of the spectra in Figure 1 are identical? If so, then 

I suggest again there is great variety aniong asteroid surfaces. 

McCORD; That is right. It is felt that each one in this sample is significantly different 
and reveals some difference in the surface material. 

MATSON; Your expectation of a continuum of properties seems to be unlike tie clear divi- 
sions seen in some other parameters, like albedo. 

McCORD; In part, you are right. There won't be a continuum between all of the various 
dimensions. 

MORRISON: When you lump the asteroids together into thermalized and unthermal ized groups, 

but without correcting for observational bias, I don't think this really adds much 
information. One might as well use the bias-corrected C and S data that Zellner re- 
ported here. 

CKAPMAN; Not true, because it turns out there are both thermalized and unthermalized in- 
terpretations within the S classification. In other words, although there is a general 
association between the McCord/Gaffey groups and the C and S classifications, their 
individual spectra have been interpreted in such a way that the C and S are hetero- 
geneous with respect to thermal evolution. 

McCORD; That doesn't mean the C and S classification is useless. In individual cases it 
could lead you widely astray, but as a statistical tool probably not. 

ARNOLD; 1 note that you reinforced the conclusion derived by other workers that there &.e 
no close analogs of an ordinary chondrite in this group. I also note tha. the cnes 
which have C3 as the closest meteoritic analogs are Ss, and I wondered if you would 
comrent on that? 

McCORD: Well, that is quite possible because C3 is a modified netamorphosed material that 

can have a spectral continuum which would give jou an S classification when you look 
at it using UBV photometry. 

ARNOLD: Do you take albedo into account? A laboratory scientist knows that C3s are dark 

objects, but not as dark as C2s. 

McCORD: That is taken into consideration. In fact, sometimes albedo is necessary in order 

to resolve ambiguities. 

CHAPMAN: The TE class that you associated with C3s falls in the S class defined by Bowell 

et al. I don't think the TE spar*ra differ substantially from others which you ' ’.ve 
assigned to other classification , and secondlv, the albedo of those TEs is 0.13, 
which is pretty bright compared to C3 meteorites. 
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INFRARED OBSERVATIONS OF ASTEROIDS 
FROM EARTH AND SPACE 




DENNIS L. MATSON and GLENN J. VEEDER 
Space Soienaes Division 

Jet Pipopulsion Laboratory, Pasadena, Ckilifomia 9lt03 

and 

LARRY A. LEBOFSKY 

Lunar and Planetary Laboratory 
University of Arizona, Tucson, Arizona 85721 


Infrared observations of asteroids have made possible key steps 
in our understanding of asteroids. The list of accomplishments 
includes: diameters, albedos, surface morphology and surface 
composition. Current topics of interest include the presence 
of water of hydration on Ceres, the presence of mixtures of 
silicate and metallic phases, and the state of development of 
asteroidil regoliths which range from rocky (1580 Betulia) to 
lunar-like {e.g. , Ceres, Vesta). We review these accomplish- 
ments critically and assess the advantages which can be ob- 
tained by pe>"forming infrared observations from Earth orbit and 
from interplanetary spacecraft. 


REFLECTED RADIATION 


Introduction 


The measurement of reflectances at wavelengths between 1 and 4 urn yields important 
information about asteroid surface composition and the processes by which these surfaces 
may have been modified. Further, it more than doubles the wavelength range over which 
asteroids may be compared with available reflectivity data for meteorites and other labora- 
tory samples. As a result, it is possible to classify asteroids better and to devise more 
precise tests for hypotheses about their surface compositions. 

The need for asteroid photometry at wavelengths longer than 1 pm was first recognized 
as a result of laboratory investigations into the bulk reflectance properties of meteorite 
samples (Johnson and Fanale, 1973; Chapman and Salisbury, 1973; Gaffey, 1974, 1976). These 
works showed that meteorites as a group exhibited a large range in infrared reflectance. 

This should also be true for asteroids with meteorite- type compositions. Furthermore, it 
was argued that high spectral resolution would not be essential because for many meteorites 
the infrared reflectances (particularly those for the carbonaceous chondrites and the irons) 
do not vary sharply with wavelength in the 1 to 3 urn interval. But, even when bands 
(arising from solid state transitions in minerals) were present, the features were observed 
to be typically 0.5 pm or more in width. Therefore, existing astronomical infrared band- 
passes and, more important, existing systems of standard stars are suitable for asteroid 
photometry . 
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The first asteroid stuc^y with this technique was carried out by Johnson et at (IQ’^S) 
who observed Ceres, Pallas and Vesta. They were able to use published V bandpa'.s p'mtom- 
etry for these asteroids to derive the asteroidal reflectances at 1.25, 1.65 iind 2 2 m. 
However, they noted that simultaneous visual wavelength photometry would be necessary for 
any other asteroids observed by this technique because of the large uncertainties in the 
instantaneous apparent visual magnitude due to (1) lightcurve, (2) aspect, an.' (ol pha.e 
effects. Chapman and Morrison (1976) and Leake et al. (1978, have reported J, H, ind K 
photometry for 433 Eros and about a dozen other asteroids. Veeder et at . (1976. 19 7, 

1978) have observed 30 asteroids at 0.56, 1.6 and 2.2 uni and derived the relative infrared 
reflectances for these objects. Lebofsky (1977) has extended this technique to 3.45 urn 
for Ceres. 

Photometry and spectroscopy are complementary techniques. For example, over ’ast 
several years the sensitivity of infrared astronomical interferometers has increased dramat- 
ically. Such an instrument has been applied to the asteroids and high resolution scectra 
of 4 Vesta, 433 Eros, and 1 Ceres are now available (Larson and Fink, 1975; Larson et al., 
1976; Feierberg et al., 1977). These spectra allow precise band centers to be determined 
and as such are very important for compositional identifications. Based on the statistics 
of asteroid types (Chapman et al., 1975; Zellner and Bowell, 1977), we estimate that more 
than 80" of the asteroids will exhibit infrared spectral reflectances which are essentially 
linear. In these cases the main task is to determine the slope of the spectrum by photom- 
etry. The remaining asteroids, especially if they have apparent bands or peculiarities in 
their photometry or spectrophotometry, become prime candidates for high resolution infrared 
spectral investigations. 

The purpose of this section of this paper is to assess the state of asteroid infrared 
reflectance measurements and the advantages offered by Earth orbit and spacecraft observa- 
tions. The second section deals with thermal radiation emitted by the asteroids and the 
third section discusses future observations of asteroids from space. 


InftMred Photometry 

The available infrared reflectance data for asteroids have been drawn together in 
Tables 1 and 2. The only published reflectances at 1.25 pm are those of Johnson et al . 
(1975). However, magnitudes published by Chapman and Morrison (1976), Leake et al. (1978), 
and Lebofsky (1978) are used here together with the observations of the same asteroids by 
Veeder et al. (1976, 1977, 1978) and solar data from Jo.mson et al. (1975) to compute 
1.25 pm reflectances. The method by which this was done is described in footnote 3 of 
Table 1. 

Figure 1 shows the infrared results for three asteroids and the 0. 3-1.1 pm spectro- 
photometry published by Chapnv'n et at. (1973). Vesta has a relatively high infrared re- 
flectance, while the infrared reflectanc s of Ceres and Pallas are distinctly flat or low. 

A hie' infrared reflectance compared with that at 0.55 pm is tmical of many silicate min- 
erals vind rocks (Hunt and Salisbury, 1970) and most meteoritic .naterials (Chapman and 
Salisbury, 1973; Gaffey, 1974, 1976). On the other hand, flat infrared curves such as 
those of Ceres and Pallas are unusual for ordinary terrestrial rocks, but are apparently 
common in the asteroid belt. Johnson and Fanale (1973) found that some carbonaceous chon- 
drites and laboratory mixtures of carbon black and silicates have flat spectral reflec- 
tances as well as low albedos. The scaled reflectance plot (Figure 1) allows direct com- 
parison with spectral features of meteorites without confusion from slight overall albedo 
differences due to laboratory methods, grain size, or sample packing characteristics. 

Care must be taken, of course, to compare materials with generally similar albedos; for 
example, pure enstatite and carbon black have similar visual reflectance spectra but 
greatly different albedos. 
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Table 1. Infrared Reflectances 


Asteroid 



\ 



Type®*^ 

Footnot 


1 . iifn 

l.( 

pm 

2.2 

pm 



1 Ceres 

0.90 t 0.09 

0.99 

f 0.09 

1.08 

• 0.09 

C 

1 



0.94 

d 0.13 

1,03 

• 0.10 


4 

2 Pallas 

1.05 • 0.09 

0.97 

• 0.09 

1 .05 

• 0.09 

c 

1 



0.79 

• 0.08 

0.83 

• 0.08 


4 

3 Juno 


1.10 

• 0.10 

l..id 

• 0 10 

s 

4 

4 Vesta 


1.18 

« o.r 

1.29 

* 0.14 


1.8 



1.10 

• L. • 

1.1b 

• 0.07 


4 

5 As trace 

1.15 • 0.16 

1.25 

.• 0.10 

1.30 

• 0.15 

s 

3,4 

6 Hebe 

1.15 • 0.15 

1.21 

! 0.09 

i . 30 

• 0.12 


3.- 

/ Irii 

1.16 I 0.10 

1.31 

• 0.09 

1 44 

• 0.09 

s 

3.4 

8 1 lora 

1.25 ! 0.12 

1.42 

• 0 10 

1.55 

• 0.11 

s 

4,10 

•> Metis 


1.27 

‘ 0.09 

1.45 

• 0.10 

s 

4 

10 Hygiea 


0.96 

t 0.07 

1.06 

• 0,10 

c 

4 

12 Victoria 


1.51 

‘ 0.12 

1.72 

• 0.13 

s 

4 

14 Irene 


1.39 

• 0.08 

1.52 

• 0.10 

s 

4 

IS Cunomla 

1.21 I 0.09 

1.24 

• 0.08 

1.38 

• 0.08 

s 

4,10 

16 Psyche 


1.14 

* 0.09 

1.37 

• 0.10 

M 

4 

19 Fortuna 


0.97 

• 0.11 

1.10 

• 0.11 

c 

4 

20 Massal la 


1.28 

• 0.09 

1.39 

• 0.10 

5 

4 

22 Kail lope 


1.14 

♦ 0.12 

1.46 

• 0.14 

M 

4 

27 Euterpe 


1.2b 

• 0.11 

1.37 

• 0,10 

S 

4 

39 LaetUia 


I.. 38 

• 0.08 

1.49 

• 0.08 

5 

4 

40 Harmonia 


1 . ,38 

‘ 0.11 

1.46 

- 0.11 

S 

4 

43 Ariadne 


1.44 

• 0.12 

1.47 

< 0.19 

s 

4 

44 Nysa 


1.03 

• 0.12 

1.15 

• o.n 

E 

4 

51 Nemausa 


1.24 

• 0.13 

1.28 

• 0.10 

C 

4 

63 Ausonia 


1.50 

• 0,10 

1.70 

< 0.12 

S 

4 

129 Antliione 

1.02 • 0.10 

1 . 28 

0.07 

1.45 

• 0.08 

M.’ 

3.4 

192 Nauslkaa 


1.47 

• 0.07 

1 . 62 

< 0 10 

s 

4 

230 Athamantis 


1.33 

• 0.15 

1 . o 

• 0.14 

s 

4 

349 Oembowska 


1..38 

• 0.10 

1.57 

• 0.14 

. 

4.9 

3S4 Eleonora 


1.48 

• 0. 14 

1 .P9 

• 0.16 

5 

4 

433 Eros 

1.3 J 0.14 

1.5 

< 0,1 

1.7 

• 0.1 

5 

'> "1 
L a 

511 Davida 

0.85 • 0.11 

1.03 

* 0.08 

1.19 

• 0,0;! 

C 

3.4 

1976AA 




1.5 

• 0 3 

- 
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Fig. 1. Normalized spectral reflectances 
for 1 Ceres, 2 Pallas, and 4 Vesta, com- 
pared with laboratory data for several 
meteorites. The 0.03-1.1 urn asteroid 
data are those of Chapman et al. (1973). 
Meteorite curves are from Johnson and 
Fanale (1973), Chapman and Salisbury 
(1973), and Gaffey (1974, 1976). The 
bars near the top indicate the full width 
at half-minimum of the infrared bandpasses. 
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Infrared reflectance data are quite useful for asteroid classification; Matson 
at aZ. (1977a). This can be shown in one way by plotting the visual geometric albedo ver- 
sus ^*”’1 Figure 2. On this plot the C asteroids are clearly separated from 

the others. The cluster of points to the right contains not only S but also the M aster- 
oids 16 Psyche and 22 Kalliope. Several peculiar asteroids stand out on this plot. 

4 Vesta is the best understood in that it is known to have a basaltic surface. E asteroid 
44 f(ysa has a very high albedo, perhaps in excess of 0.3 or 0.4 Uellner, 1975; Morrison, 
1977a, c), but has an Rx(2.2 ym) otherwise characteristic of C asteroids. Zellner (1975) 
and Zellner al . (1977c) have suggested that Nysa is of an enstatite-achondrite-like 
composition. ^ Pallas and 51 Nemausa represent the extremes of low albedo asteroids ob- 
served in the infrared. The data of Fu;ure 2 suggest that we are seeing either a surface 
compositional or a surface morphological sequence within both the C and b classes. 



0.9 l.o 1.1 1.2 1.3 1 4 l.J 1.6 1 7 1.8 

Rx «2.2/4(nl 

Fiq. 2. Geometric albedo vs. relative reflectance at 2.2 urn. The albedos 
were determined by the radiometric method and are from Morrison (1974, 
1977a), and Morrison and Chapman (1976). Typical error bars (estimated 
relative error) are indicated. The asteroid types are defined by Chapman 
(i7. ( 1975). Use of radiometric albedos from Hansen (1976a, 1977) or 
polarimetric albedos from Zellner and Gradie 0976) would also result in 
a similar diagram. 


From an inspection of Table 1 it is obvious that asteroios that have large values of 
R\(1.6 vim) also have high values of R\(2.2 urn). This is illustrated by plotting the two 
reOectances in Figure 3. Once again the C and S objects arc separated. The meteorites, 
which are natural samples from space, provide a logical set of objects for comparison with 
the telescopically observed asteroids. Using the laboratory data of Gaffey (1974, 1976) we 
plot the relative infrared reflectances of meteorite samples in Figure 3. 
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Fig. 3. Comparison of asteroid and meteorite data on a color 
plot: Rx(2.2 urn) versus Rx(1.6 urn). The asteroid data are 

from Veeder et al. (1978). The meteorite data are from 
Gaffey (1974, 1976). While the meteorites plotted here are 
unlikely to be fragments from any of the asteroids shown, 
they do provide a set of natural compositional hypotheses. 

For example, the reddest asteroids fall among the data for 
iron and mesosi derite meteorites. It now appears that the 
known space weathering processes do not operate significantly 
to redden asteroids. Thus, the presence of a metallic phase 
is strongly suggested (Matson et al., 1977b). As one can see 
in the above plot, several compositional hypotheses appear 
able to explain the 1.6 and 2.2 urn infrared reflectance data. 
Further optical tests will help to distinguish between them, 
or perhaps will point to a closely related composition not 
currently represented in the meteorite sample. This has al- 
ready proved to be the case for Vesta. 


The meteorite data more than span the range of the asteroid data. There are carbona- 
ceous chondrites which are as low in infrared reflectance as 2 Pallas and «^here are irons 
and mesosiderites which exceed the redness of the reddest known asteroids. Note that all 
of the meteorites which are as red as the reddest asteroids have a significant metallic 
phase. However, when Figure 3 is considered in detail it remains obvious that there are 
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asteroids which do not correspond to any of the meteorites thus far measured. On the 
other hand, there are clear examples of types of meteorite materials which have not yet 
been observed telescopically. The olivine achondrites provide a case in point. 

It may be significant that the carbonaceous chondrites do not exactly coincide with 
the C asteroids. The C asteroids tend to be redder, having a higher reflectance at 2.2 wm 
relative to their 1.6 um reflectance than the corresponding meteorites. This effect cannot 
be easily explained by reddening the reflectance curve due to particle or grain size effects. 
Johnson and Fanale (1973) measured meteorite reflectances as a function of grain size. Ex- 
amination of their data for the C2 meteorite Mighei, for example, shows that this type of 
reddening would move the plotted meteorite data along the trend of the meteorite data al- 
ready plotted in Figure 3 and not perpendicular to it. There is also the possibility that 
the meteorite spectra have been affected somewhat by Earth weathering (Gaffey, 1976). Of 
course, the sample of meteorite data is not complete. Furthermore, there are cases of 
samples of the same meteorite being considerably different. The Cl meteorite Orgueil pro 
vides such an example. The effect of phase on R\(1.6 um) and Rx(2.2 um) has been investi- 
gated by Veeder et al. (1978). They find no significant variation. This led them to the 
conclusion that the 1.6 and 2.2 um phase coefficients are similar in magnitude to that in 
the visual. Color dependent photometry calibration, or the H-K solar color, might be in 
error by 0.1 magnitude and cause the C asteroids not to coincide with the carbonaceous chon- 
drites, but we do not think that this is a very likely possibility. Zellner nt al. (1975) 
have also noticed a similar effect in the UBV data. Thus, we are not yet able to detail the 
nature of the differences in terms of either composition or morphology, although the general 
agreement in albedo and shape of the reflectance spectrum between C asteroids and carbona- 
ceous meteorites remains evidence that they are compositional 1y similar. 

Space weathering or the alteration of surface optical properties on a planetary object 
as a result of exposure to the space environment has been a source of concern ever since it 
was realized that the lunar soils are different from the optical properties of rocks or rock 
powders. The effect of maturation on the optical properties of lunar soils is a systematic 
darkening and "reddening," or steepening of the reflectance spectrum continuum. At the op- 
tically "young" stage are the fresh crystalline rocks and powders, as seen in the laboratory 
and in the rims of fresh, young craters on the Moon. These rocks exhibit high albedos and 
reflectance spectra which are typically flat and have one or more electronic absorption 
band: (see Adams and McCord, 1971). At the optically "mature" end of the scale are the mare 
soils having low albedos and very red reflectance spectra without strong bands. 

The optical maturation of asteroid regoliths has been studied by Matson rt al. (1977b) 
and compared with the lunar example. They found; (1) that space weathering has not signifi- 
cantly altered asteroid optical properties; (2) that the most probable reasons for this fact 
relate to the lack of optically mature impact regoliths on low gravity objects; and (3) that 
within this context comparisons of asteroid spectra with powdered (but "unweathered") meteor- 
ite and other rock samples are valid. 

Recently a search for absorption bands due to H-O on asteroid surfaces has been ini- 
tiated by Lebofsky (l'w’7, 1978). In the 3-4 wavelength region of Ceres’ spectrum he 
found evidence for the presence of water of hydration (see Table 2 and Figure 4). This 
spectral feature was confirmed subsequently by Feierberg .-f al . (1977). in Figure 4 the 
results have been rescaled to Rj.rs " 0-^^ (f^o.st ' plotted along with the shorter 

wavelength data on Ceres (Chapman al . , 1973; Johnson of al . , 1975). The normalized re- 
flectances of three different meteorites have also been plotted for comparison. An absorp- 
tion feature can clearly be seen in the Ceres spectrum and aopears to be centered around 
3 nm. Also, the general shape and depth of the curves in the 3-4 vmi region are fairly simi- 
lar to that of the Type II carbonaceous hondrite Murchison and differ significantly from 
the other carbonaceous chondrites. Comp rison with other laboratory spectra of meteorites 
confirms the similarity to the spectra of Type II carbonaceous chondrites. Analogy with C2 
composition suggests the presence of abr 10-15v water in the form of water of hydration 
on the surface of Ceres. This is the first evidence of water in the surface material of an 
asteroid. 
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Fig. 4. Comparison of the spectrum of Ceres with three laboratory 
spectra of carbonaceous chondrites, scaled to 1.0 at V. The 2.5- 
4.0 um spectra are unpublished data from Salisbury: (1) Orgueil, 

Cl. 0.3-2. 5 um, Johnson and Fanale (1973); (2) Murchison, C2. 0.3- 
2.5 pm, Johnson and Fanale (1973); (3) Karoonda, C4. 0.3-2. 5 um, 
Gaffey (1974). Ceres data from 0. 3-1.1 um are from Chapman et al. 
0973). Infrared data for Ceres are from Lebofsky (1978). The 
two sets of points at 3.43 and 3.45 um give upper and lower limits 
after removal of thermal flux. 


Infrared Speatroeoopy 

Advances in infrared detector technology and availability of large astronomical tele- 
scopes have made it possible to apply the techniques of Fourier transform spectroscopy to 
asteroids. So far, Vesta (Larson and Fink, 1975), Eros (Larson et al., 1976) and Ceres 
(Feierberq et al., 1977) have been observed. In the next few years a spectral resolution 
of 50 cm"* will become available for many asteroids brighter than about eleventh visual 
magnitude. 

The infrared is a key spectral region for absorption bands and the determination of 
band centers and shapes is essential to precise mineralogical identifications. Partly for 
historical reasons, the contribution thus far of infrared spectroscopy has been confined to 
performing detailed checks on compositional hypotheses formulated on the basis of other types 
of data. In the future the importance of this technique will grow as scientific interest 
demands ever more precise identifications of surface compositions. 
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THERMAL EMISSION 


Intvoduoticm 

The study of thermal emission radiation from asteroids has yielded a way to determine 
their sizes and albedos. Results are now In hand for some 200 objects. Asteroids as a 
whole are found to be larger and darker than was previously supposed. The typical Bond 
albedo of an asteroid Is a few percent. Objects this dark absorb almost all of the sun- 
light that reaches their surface. The absorbed power heats the surface and eventually 
leaves the asteroid as thermal radiation concentrated In the Infrared spectral region. 

Thus asteroids are relatively easy to detect at wavelengths of 10-20 ym. 

To a first approximation, the thermal emission from an asteroid surface has a black- 
body wavelength distribution (Glllett and Merrill, 1975; Hansen, 1976b). However, for 
the purpose of size determination, the range of available phase angles Is not adequate to 
determine the angular distribution of Infrared radiation, and thus photometric- thermal 
models must be constructed In order to account for thermal emission in the directions which 
cannot be observed from the Earth. The size and albedo of the asteroid are derived us- 
ing such models to equate the solar insolation with the sum of the total thermal emission 
power and the power of the scattered sunlight. For a spherical asteroid the balance be- 
tweei Incoming and outgoing radiation may be represented by: 

2ti n 

itR2(1 - A)S = 6 c 0 R2 j I T‘*(e,(f) sin (ji d^ de (I) 

° 0 0 

where R Is the radius of the asteroid, A is the bolometric Bond albedo, Sq Is the solar 
constant, 6 Is a normalization constant (of order unity) whose value is determined by the 
angular distribution of the thermal emission, e is the emissivity, a is the Boltzmann con- 
stant, T(e,*) Is the temperature at a point on the surface at longitude e and latitude 
The Earth and Sun are both In the equatorial plane of the coordinate system at e=0, 4i=0. 

Photometry of thermal emission from asteroids has been obtained by Low (1965, 1970), 
Allen (1970, 1971a), Matson (1971a, b), Crulkshank and Morrison (1973), Morrison (1973, 

1974, 1976, 1977a), Morrison and Chapman (1976), Morrison et al. (1976), Hansen (1976a), 
Crulkshank (1977), Crulkshank and Jones (1977), and Lebofsky et al. (1978). Quantitative 
descriptions of the methods of deriving albedo and diameter from thermal Infrared observa- 
tions have been given principally by Allen (1970, 1971a), Matson (1971b), Morrison (1973, 
1977c), Jones and Morrison (1974), Hansen (1977), and Lebofsky et al. (1978). The albedos 
of asteroids determined by the radiometric method compare well with those found by the 
polarimetric method. (The polarlmetric method is an empirical relation between geometric 
albedo and the slope of the linear polarization at visual wavelengths as a function of 
phase angle (Zellner and Gradie, 1976).) Earlier differences between many of the radio- 
metric and the polarimetric diameters {af.. Chapman et al. , 1975; Hansen, 1977) have been 
resolved by the recent recalibration of the polarimetric albedo-slope relationship (af., 
Zellner et al. , 1977b, as well as Morrison, 1977c). Approximately 50 asteroids have been 
well observed by both techniques {af., review by Morrison, 1977c). A few diameters ob- 
tained from analyses of speckle Interferometry, radar, radio, lunar occultation and stellar 
occultation data agree (within their estimated uncertainties) with the radiometric diam- 
eters. The use of radar is a promising new technique in asteroid studies. Diameters have 
been derived for 433 Eros and 1580 Betulia. The radar and visual polarimetric observations 
of Betulia are interesting because they dc not result in a diameter in agreement with that 
obtained by the radiometric method. The resolution of this problem is the subject of a 
section of this paper. 

In the following sections, three photometric-radiometric models used for interpreting 
radiometric data are discussed (see Table 3). 
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fkxdiometria Model 1: Lunap-Type Surface 

The cratered surfaces of Mercury, the Moon and Mars as well as Phobos and Deimos are evi- 
dence of an intensive bombardment history. There is every reason to expect that the aster- 
oids have also been bombarded and that their surfaces are heavily cratered. This type of 
history was also experienced by some of the meteorite parent bodies as pieces of their 
surface regoliths have reached the Earth as gas-rich, brecciated meteorites (c?/. , Wilkening, 
1976; Rajan et al., 1974, 1975). 
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The larger asteroids are expected to possess well-developed regoliths. Once gravity 
differences are taken into account, ihesc r^aoliths should resemble in nany ways that of i 

the Moon. For example, the asteroid Vesta l.r in diameter) has sufficient gravity 

that more than 95i of the ejecta from impact craters Ti.i1s back to the surface. There, as j 
on the Moon, material may be reworked by subsequent impacts (Chapman, 1971, 1976, 1978, - ^ 

Matson, 1971b; Gaffey, 1974, 1976). Although asteroids are small, the above statements 
can be made with considerable certainty because mass determinations are available for 
Ceres, Pallas and Vesta (Schubart, 1974, 1975; Hertz, 1968) and because laboratory data on 
impacts into basalt (Gault ci at., 1963) can be used to provide a worst case analysis lead- 
ing to the same conclusions. This reasoning is consistent with the negative polarization 
branch of the light reflected from astero’ Is at sma’l phase angles which indicates that 
their surfaces are covered with dust. Thus, it is reasonable to assume that the surfaces • > 

of the larger asteroids are porous or particulate. f 


The lunar-type "odel was pioneered by Allen (1970, 1971a) and Matson (1971a, b) and was 
the first model used to obtain asteroid sizes and albedos from infrared photometry. Further 
development and extensive application of this model has been done by Morrison (1973, 1976, 
1977b, c), Jones and Morrison (1974), Hansen (1976b, 1977) and Chapman ct at. (1975). 

Model 1, whose paumeters are tabulated in Table 3, uses the photometric and thermal 
properties of the lunar mare to define a model for asteroid surfaces. This model corre- 
sponds to a slowly rotating body of relatively low thermal inertia. The following assump- 
tions are made: ( 1 ) isotropic emission from each surface element. ( 2 ) negligible emission 

from the non- illuminated side, (3) emissivity constant with wavelength, and (4) no conduc- 
tion of heal to depth. A closely related variant allows for the possibility of nonisotropic 
emission from surface elements on the asteroid, i.r., emission peaking toward zero phase as 
has been observed for the Moon by Saari and Shorthill (1972). This can be approximated by 
sotting 6 = 0 . 8 - 0 . 9 and leaving T(n,ij) unchanged (however, the subsolar temperature in- 
creases); cf., Jones and Morrison (1974). A recent remodel due to Hansen (1977) also 
accounts for some backside emission. The result of such corrections for nonisotropic emis- 
sion is on the order of 5-10' reduction in the derived diameter of the asteroid. 


t • 


I 








Table 3. Model Parameters 


Parameter 

Model 1 

Model 2 

Model 3 

» 

Analogy 

Lunar Surface 

Rock 

Iron Meteorite 


Thermal Response 

Low Thermal Inertia 

High Thermal Inertia 

High Thennal Inertia j 

1 

Rotation 

Slow 

Rapid 

Rapid 1 


(S 

1.0 

71 

7T 


Emissivity, > 

I.O 

1.0 

0.1 


T(e,o), lei < 90" 

^max 

T cos "41 

max . ^ 

"max 


|ol - 90" 

0 

T cos ■'a 

max ^ 

"max 
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The lunar-type model has been used to Interpret the photometry of thermal emission 
from about 200 asteroids. A recent review of this effort has been written by Morrison 
(1977c). A table of diameters appears In this volume (Morrison, 1978). Plameters of Vesta 
have been determined by three other methods. The results are compared In Table 4. 


Table 4. 

Vesta's Diameter by 

Dif.crent Methods 

Method 

Diameter 

(km) 

Reference 

Radiometry* 

538 ‘ 54“ 

Morrison (1977a) 
Hansen (1977) 

Polarlmetry 

536 ± 54 

Computed from data in 
Zellner et al. (1977c) 

Radio 

597 ± 41 

Computed from data and 
model of Conklin et al. 
(1977) 

Speckle Interferometer 

513 * 51 

Worden et al. (1978) 

‘Model 1 

“Estimated error 




Badicmetria Model 2: Rook Surface 

While the possibility of the failure of some of the assumptions used in the infrared 
method has been considered previously (Matson, 1971b, 1975), the data recently obtained fur 
1580 Betulia by Lebofsky et at. (1978) provide the first concrete example where Model 1 
does not give results consistent with those obtained by other methods. Based on a compari- 
son with the dia.neters determined from visual polarlmetric (Tedesco et al . , 1978) and radar 
data (Pettengill, personal communication), it would appear that Model 2 as describod in 
Table 3 better represents the actual temperature distribution on the surface of Betulia. 

This model would imply that the surface thermal properties are dominated by material of 
high thermal inertia (e.g. , rock). While at first this would appear to be in disagreement 
with the polarlmetric results which Indicate a dusty surface, any discrepancy would be re- 
solved, if, for example, the rock is covered with a very thin layer of dust. 

Clearly, It is possible that the surface of such a small asteroid could consist only 
of bedrock. However, it is more likely that some regolith is present. Blocks as large as 
the thermal wavelength (^.20 cm) or larger can be preset.i on the surface without significant- 
ly reducing the thermal inertia. The effect of such boulder fields has been considered 
previously in studies of lunar eclipse and lunation cooling data, where they provide an 
effective means to retain heat into the lunar night (Fudali, 1966; Allen, 1971b; Mendell 
and Low, 1975). If the polarlmetric diameter of Betulia is assumed to be correct, it is 
then possible to use the requirement of high thermal inertia to place a limit on the amount 
of fine grain material present. The limit on the areal coverage (using a linear combination 
of Models 1 and 2) of this material Is J40T (Lebofsky et al., 1978). 
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Parameters for Model 2 are indicated in Table 3 and the results are shown in Figure 5 
for representative objects in the main belt {i.e. , P = 2.7 AU). The main differencps of 
these spectra from those of Model 1 are that a significant amount of themwl emission is 
shifted to large phase angles (in particular to the night hemisphere) so that the apparent 
infrared flux observed at the Earth is reduced relative to Model 1. In additin, the 
effective temperature is lowered so that the radiation peak is shifted to sliqntly longer 
wavelengths. 
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Fig. 5. A comparison of the spectra for C and S 
asteroids (Model 2) and a metallic asteroid (Model 3) 
with radii of 1 km at a solar distance of 2.7 AU rep- 
resentative of the main belt Relatively rapid rota- 
tion with high thermal inertia results in a significant 
amount of thermal emission from the night side and a 
decrease in infrared flux observed at the Earth. Rapid 
rotation also lowers the effective temperature relative 
to Model 1 and shifts the peak of the thermal emission 
to longer wavelengths. The low emissivity characteris- 
tic of metallic surfaces increases the effective temper- 
ature and shifts the peak of the thermal emission to 
shorter wavelengths. 
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RauHometric Model 3; Iron Surface 

With modern advances in infrared technology the limiting magnitude to which astronom- 
ical objects can be observed has become much fainter. In the future advanced instruments 
such as the Infrared Astronomical Satellite, Space Telescope and other spacecraft will lead 
to other significant advances. A few years from now, it will be possible to observe main 
belt asteroids with diameters as small as tens to hundreds of meters. In this size range 
it is likely that a number of metal asteroids, analogous to the iron meteorites, will be 
discovered. In fact, some larger metal-rich objects have already been suggested on the 

basis of reflection spectroscopy (McCord and Gaffey. 1974; Gaffey and McCord, 1977; Matson 

et al., 1977a; Veeder et al., 1978). 

With these considerations in mind we have started an investigation of Model 3. Ti.is 
model corresponds to a homogeneous metal sphere. As such, it has low emissivity and very 

high thermal inertia, as indicated in Table 3 and shown in Figure 5. As in Model 2 a sig- 

nificant amount of infrared flux is emitted at large phase angles. The low emissivity 
raises the effective temperature of the model surface and shifts the radiation peak to 
shorter wavelengths. The assumption of a low albedo for such an object is as yet only a 
guess. The chief result of this exercise is to determine the gross characteristics of the 
thermal spectrum and to develop criteria for recognizing metal-rich asteroids. 


DIRECTIONS FOR FUTURE INFRARED RESEARCH 

There are a number of oroblems toward which work can be directed profitably: 

a. It is important to determine if the degree of redness (e.g., 

R\(2.2 ym) can be correlated quantitatively with the metal 
content (c/. , McCord and Gaffey, 1974; Gaffey and McCord, 

1977). 

b. The presence of significant amounts of metal has implications 
which need to be studied for the radiometric and the polari- 
metric methods of asteroid size determination. 

c. It is important to extend the size of the sample of observed 
asteroids and meteorites. For example, the Trojan asteroids 
are known to be significantly different from other asteroids, 
as well as unlike any laboratory sample (McCord and Chapman, 

1975). 

d. Theoretical studies should be conducted on the origin and 
evolution of the asteroids using the asteroid reflectance 
data as well as the meteorite data as boundary conditions. 

These and other ground-based efforts will: (1) identify interesting asteroids as 

potential targets for soacecraft missions, and (2) characterize the asteroids as a whole 
so that detailed observations from spacecraft visits to a few can be placed in proper con- 
text and be used to further understand the origin and evolution of the solar system. 

Asteroid observers in Earth-orbit will immediately have the entire thermal emission 
spectrum available to them as well as all the diagnostic bands in the infrared reflection 
spectrum. In addition, observations from space have some engineering advantages. It is 
possible to suppress thermal emission from the telescope and other instrument surfaces by 
cooling them. Atmospheric emission background no longer floods the detectors, and the 
limit in performance is lowered to the level of the zodiacal light and of the detectors 
themselves. The general levels of accuracy and precision are increased because corrections 
for atmospheric extinction are not needed. The science return from these advances is 
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expected to be great. Observations of the entire thermal emission and reflection spectra 
will Immediately result In Improved thermal models and hence more accurate albedos and 
sizes, and In better interpretations of surface composition. It will be possible to 
search for compositional information not only via the model emissivity but also directly 
by measuring any Reststrahling and Christiansen bands present. These bands are related to 
the Si:0 ratio (i.e., the degree of polymerization of the Si 04 tetrahedron) and the index 
of refraction, respectively. 

Flyby and rendezvous observations will give spatial resolution across the asteroid's 
surface. This will allow the mapping of geologic units based upon their reflection and 
thermal properties. Chief goals for spacecraft measurements of the reflected infrared 
radiation {1-5 urn) are: (1) to map the compositional units on asteroid surfaces at a 

resolution of better than 1 km for large asteroids {such as Ceres and Vesta) and at better 
than 1 m for small asteroids {1-10 km diameter), {2) to establish the variety of chemical 
species present including discrete classes and mixtures of, for example, ices, silicates, 
oxides, and metals, {3) to study the variation of the degree of hydration within individual 
units and from one asteroid to another, {4) to map the angular distribution of the scat- 
tered infrared radiation and to use this information to infer surface texture and morpho- 
logical and other properties which are otherwise not directly observable. Emitted thermal 
data obtained at large phase angles and across the terminator will yield maps of the 
thermal inertia. Strong constraints on regolith grain size will result. In addition, the 
amount of bare rock or boulders exposed will be immediately apparent. The detailed study 
of several asteroids by these methods will give the necessary absolute calibration for 
future remote infrared observations from the ground or Earth-orbit. 

In addition to the foregoing there is an experiment, conceptual in nature, that re- 
quires study and development before its imple.nentation can be assessed properly. A small 
scanning spacecraft at one of the Lagrange points of the Earth-Sun system can be used to 
search for Apollo asteroids. These objects are relatively bright in the infrared and can 
be distinguished readily from the celestial background by using their relative motion and 
spectral signatures. Such an experiment would scan a great circle on the celestial sphere, 
thus defining a plane. Any object crossing this surface woulc. be discovered, permitting 
intensive study by all available techniques. A more sophisticated experiment might in- 
clude the main belt asteroids. The scientific return from this experiment would include 
a determination of the number density of asteroids as well as identifications according to 
compositional types. 

For the near future, the most important advances from space are likely to come from 
the IRAS {Infrared Astronomical Satellite) observatory scheduled for launch in 1982. This 
satellite will be capable of carrying out a total sky survey in a number o^ infrared band- 
passes reaching to a 10 urn N magnitude of about 7 {Aumann and '/ialker, 1977). If appropriate 
data processing can be carried rut to retrieve the asteroid observations, it may be pos- 
sible to obtain radiometric diameters of essentially all of the asteroids with known or- 
bits, thus increasing our catalog of diameters by more than an order of magnitude. 
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DISCUSSION 

McCORD: Can you say whether the H 2 O bands observed on Ceres indicate water, or water of 

hydration? It is a problem not only on the asteroid, but on the satellites as well. 

MATSON; Clearly in the laboratory the spectrum of Murchison is due to water of hydration; 
whether it is water of hydration on Ceres, I don't know. 

MORRISON: I would like to make a skeptical comment concerning the use of thermal measure- 
ments to obtain compositional data. Although some information on composition is surely 
present, the fact is that no demonstration of the utility of thermal spectra has been 
made, largely due to masking of compositional effects in real objects with regolith 
surfaces. I expect asteroid thermal spectra will turn out to be nearly featureless 
blackbodies. 

VEVERKA: In your thermal models do you allow for nonspherical objects? Couldn't you 

match Betulia 's thermal spectrum by changing the shape? 

MATSON: These models assume spherical shapes. Betulia was observed for a long time over 

several nights, and the infrared lightcurve indicates that shape is not important. The 
nice thing about these lunar type models, if they work, is that the thermal conductiv- 
ity is so low that each element is virtually in instantaneous equilibrium with sunlight. 
If you put shape into the models, there might be only a 10 or 20;. difference. 

McCORD: Are you sure there is not an error in the flux measurement itself? 
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MATSON: That was my first i ction but the observations were so closely linked with 
standard stars that there is no way to question them. So we had to consider another 
model based upon the fact that Betulia is a small object and at some size one should 
start to see rocks instead of regolith. 

ARNOLD: Let me ask how thick a dust layer you are assuming in your Model 21 

MATSON: It is too thick if it becomes a thermal impediment and reduces the thermal iner- 

tia. So it has to be thick enough, at least a few microns, to get the polarization 
data but it can't be much more than a millimeter. If you had centimeters of dust, 
it would be thermally insulating and the lunar type model probably would work. 

ARNOLD: As I will say in my paper, if you are doing gamma-ray studies, the scale length 

which determines whether you are looking at the underlying rock soil or the dust is 
tens of centimeters. And if you are doing X-ray studies, the scale length is compar- 
able to that for optical measurements. 

SHOEMAKER: You couldn't distinguish a surface that was broken blocks whose dimensions are 

typically tens of centimeters from a solid. You car, have a regolith of very coarse 
blocks. 

MATSON: We see that on the Moon. A boulder field is seen as a thermal anomaly after dark. 

!t is essentially like bare rock. 

CHAPMAN: Isn't it the case that the 10 and 20 um data, which we have or can obtain, can 

really distinguish between your Models 1 and 2 a.td the metal model? 

MATSON: Yes. However, you could gain a lot if you could go above the atmosphere or into 

space and get data at about 7 um and at 30 or 50 um. Using 10 and 20 um data is harder 

because the effect isn’t as large compared to the errors in the data. 

MORRISON: I published a graph showing 10 to 20 um color indices for about 35 asteroids in 

1974. There were no anomalies. And since then I have looked at a n.uch larger sample 

amounting to almost 100 observations and have seen no anomalies of the magnitude that 

you have calculated for a pure metal model. Clearly smaller anomalies get lost. But 
it is still interesting that there is a fairly substantial set of data which do not 
show this effect. (Figure from Morrison (1974) follows.) 



H 


MATSON: When you start mixing metals and silicates it gets extremely complicated. But 

clearly if there is an asteroid with a great deal of metal on or very near the surface, 
it will be recognized by thermal radiometry. 
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ASTEROID COLLISIONS^ CRATERS> RE60LITHS> AND LIFETIMES 

CLARK R. CHAPMAN 

Planetary Science Institute 
Tucson, Arisona 85719 


Collisional and cratering processes in the asteroid belt 
fundamentally determine the physical character of the aster- 
oids, including their present numbers, sizes, shapes, spins, 
internal properties, surface layer textures, and surface 
topographies. Recent research on these topics is reviewid 
here, in the context of both asteroidal science and poten- 
tial mission-planning. Ground-based observational constraints 
on asteroid collisional processes are relatively weak and in- 
direct. What we believe we understand about these processes 
results largely from preliminary attempts at theoretical 
modeling and extrapolation of experiments far beyond labora- 
tory scales. Asteroids, including the larger ones, are a 
thoroughly fragmented population of bodies if our extrapola- 
tions of laboratory experiments to very large scales are at 
all correct. Interiors of most larger asteroids should be 
thoroughly fractured. Surface regoliths are probably sub- 
stantial, except on the smallest and strongest bodies, but 
should be very poorly mixed in comparison with the lunar 
regolith. Lateral heterogeneities are probably masked by 
recent ejecta deposits, except on the smallest and largest 
bodies. Phobos and Deimos are probably not saturated with 
craters, but in any case do not provide exact analogs for 
asteroidal cratering. Asteroid crater statistics will pro- 
vide chronological information pertinent to only very recent 
epochs of solar system history. 


INTRODUCTION 

The most important process affecting asteroids subsequent to the early epochs of solar 
system history has been their collisional interaction with each other and with the complete 
size-spectrum of interplanetary debris. Of course our knowledge of "geological" processes 
on asteroids must be based on inferences from remote observation and we may be surprised 
once we examine an asteroid "up close." But most asteroids are very small and cannot re- 
tain atmospheres or generate sufficient internal heat to drive geochemical or endogenic 
geomorphological processes throughout a major portion of solar system history. Thus we 
expect that the geological evolution of asteroids has been governed, as has that of the 
Moon for the last 2-3 AE, by their collisional interactions. 

Understanding the collisional evolution of asteroids is now arguably the most important 
part of asteroidal science for several reasons. First, nearly every observable property of 
asteroids can be shown to be determined by, or substantially affected by, collisions. 
Asteroid sizes, shapes, and spins are believed to be due to collisional fragmentation and 
inferences from telescopic observations concerning asteroid surface compositions and tex- 
tures depend substantially on the nature and evolution asteroidal regoliths. A second 
reason for studying asteroid collisional evolution is that collisions serve partially to 
mask what asteroids might tell us about the early conditions during the accretionary period 
of p.anet formation. A dominant reason for scientific interest in asteroids is, after all, 
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that many of them are-*at least compared with the Moon and larger planets--relati vely pris- 
tine and unaltered objects that preserve clues from the earliest epochs, provided we are 
able to disentangle effects of subsequent collisions. Finally, it is believed that the 
traits of many meteorites have been shaped by evolution in asteroidal regoliths and that 
the delivery of asteroidal meteorites into Earth-crossing orbits involves collisional frag- 
mentation in the main belt. The study of asteroid collisional and regolith production 
processes, as constrained by the properties of meteorites, should help us to interpret 
meteoritical evidence in a planetological context. 

At the high relative velocities in the belt, collisions erode or fracture asteroids 
as well as create regoliths. Asteroids are ultimately destroyed by catastrophic fragmenta- 
tions which in turn “create" smaller asteroids. From the known diameters and orbits of 
asteroids, typical collision rates among objects may be readily calculated. More compli- 
cated is specifying the physical outcome of a collision, depending on the relative size of 
the colliding boc es and on their physical nature [e.g., strength). Gross bounds are pro- 
vided by conservation of energy and similar considerations. Theoretical and laboratory 
scale experimental studies of cratering and fragmentation physics have been applied to the 
problem, but we have no practical experience with collisions of the magnitude that shatter 
large asteroids. Also, we have only rough ideas about asteroid densities and strengths. 
Astronomical observations of asteroid sizes, shapes, spins, and inferred .surface composi- 
tions p>"ovide some help in modeling collisional evolution as do meteoritical inferences 
concerning shock pressures and regolith processing. In summary, some important bounds may 
be placed on asteroid collisional evolution, but details remain a matter of informed spec- 
ulation. 

Several conclusions and important generalities that will emerge from this paper are 
summarized here: 

1. Collision rates and kinetic energies are sufficient to fragment 
most asteroids well within the lifetime of the solar system; 
thus most asteroids, excepting perhaps only the very largest, 
are of a fragmental nature. 

2. Many asteroids in excess of 100 km diameter are probably thor- 
oughly fractured throughout their interiors. 

3. Regoliths on asteroids are poorly mixed in comparison with the 
lunar regolith, except possibly for very large asteroids. 

4. Regoliths are thin or absent on small asteroids, especially 
those of strong rocky composition. 

5. Unlike the Moon, for which most crater ejecta are deposited in 
close proximity to the crater, asteroidal crater ejecta are 
commonly distributed entirely around the body, tending to mask 
any underlying lateral heterogeneity. 

6. Straightforward approaches to interpreting crater populations on 
Mars, Mercury, and the Moon cannot be directly applied to craters 
on Phobos and Deimos, and none of these bodies serves as an exact 
example of what we might expect on asteroids. Crater populations 
on an asteroid will reveal the chronology and character of events 
that have occurred subsequent to the last major fragmentation 
event in which an asteroid has participated; since such events 
occur frequently, asteroid cratering records generally will not 
extend far back in time. 
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The above conclusions, and others to follow in this chapter, are derived from pre- 
liminary theoretical models and gross extrapolations of a few experinicnts far beyond labo- 
ratory scales. Thus, as is the case for any scientific topic for which the observations 
are mostly indirect, the analyses in this paper should be considered model -dependent 
and in need of further verification by additional theoretical, experimental and observa- 
tional work and ultimately by direct examination of asteroids from spacecraft. It would 
be a mistake, however, tc regard the conclusions in this paper as being mere "guesses." 
Asteroid collision probabilities may be calculated certainly to within a factor of two or 
three. Given conservation of energy, assessing the possible range of collisional outcomes 
then becomes a problem In understanding limits on the partitionino of the collisional kinet- 
ic energy. Reasonable judgements on this matter constrain the priysical nature of asteroids 
to a considerable degree, but the possibility remains that something is being overlooked. 

This paper treats three nwijor topics; collisions and fragmentation, asteroid regolith 
models, and cratering on small bodies. Much of the paper is based on my own work in prog- 
ress (in association with D. R, Davis and J. F. Wacker on collisional evolution and with 

R. Greenberg, K. Housen and L. Wilkening on regolith modelsl. There is little recent lit- 
erature dealing with asteroid collisional evolution, except for certain specific topics 
{c.g., Harris, 1978, for discussion of asteroid spins; Wetherill, 1976. for discussion of 
asteroidal production of meteorite fragments and delivery to Earth). Work on regoliths has 

dealt almost exclusively with the Moon so far (see review by Langevin and Arnold, 1977). 

Interpretation of crater populations on small bodies (Phobos and Deimos) is in its infancy; 
the present paper and conmients elsewhere in this volume by Veverka constitute the only ex- 
trapolation to asteroids. 


COLLISIONS, FRAGMENTATION, AND EVOLUTION OF THE SlZl DISTRIBUTION 

During the past decade, we have learned to measure asteroid albedos and hence diameters 
with considerable accuracy. Zellner and Rowell (1977) nave calculated bias-corrected diam- 
eter-frequency distributions for the several spectral types down to 50 km for low-albedo 
asteroids and down to 25 km for higher-albedo asteroids. The Palomar-Leiden Survey (van 
Houten ,'t u/. , 1970) provides data pei linent to asteroids as small as a few kilometers in 
diameter, but since albedos are not known, the PLS constra'nts are not very strona (see 
Figure 1 ). 

The rate of collisions between a target asteroid of diameter Dp and a field of smaller 
projectile asteroids of diameters Dj to D. is approximately equal to the collisional cross 
section of the target (TiDp/4) times the number of asteroids with diameters between Dj and D.- 
(taken from Figure 1) times the mean relative velocities of asteroids (v5 km/se-:) divided 
by the effective volume of the asteroid belt (8.5 ' 10'*' km*, according to Dohnanyi. 1969). 
Wetherill (1967) has shown that such particle- in-a-box calculations overestimate collision 
rates by factors of about 1.5 to 2. 

We may usefully distinguish between two types of collisions: (a) those for winch the 

ratio > between target and projectile diameters is large, resulting in cratering and ero- 
sion of the target, and (b) those for which the projectile is sufficiently large (small y ) 
to result in catastrophic fragmentat ion of the target (defined as occurring if the largest 
object remaining after collision is v50,. the original nuss of the target). Because the 
exponent of power-law approximations to the incremental di,imeter- frequency relationship of 
asteroids has an absolute value '4, most mass (hence most kinetic energy) reside: in larger 
asteroids; therefore the largest collisions arc more important in destroying asteroids than 
the cumulative erosion by small cratering events. But cratering is by no means negligible 
and, in fact, is wholly responsible for creating asteroidal regoliths. 

The fragments resulting from an asteroid collision (whether comprising the entire muss 
involved in a catastrophic collision or merely the ejecta in a cratering event) n\ay be 
characterized by the diameter of the largest fragment, the power-law descnl*ng the size 
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Fig. 1. Diameter-frequency distribution for 
asteroids. Points are bias-corrected "ounts 
in Increments of 0.05 in log diameter 
(Zellner and Bowel 1 , 1977). Lines are pos- 
sible fits and extrapolations, constrained 
at small diameters by Palomar-Leiden Survey 
data for two different possible albedos. 
Figure reproduced from Chapman et at. (1978). 
(Court,.sy Annual Revieu of Astronomy and 
Aatrophyaiaa . ) 
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distribution, and the distribution of velocities. The fraction of ejecta traveling at 
less than the gravitational escape velocity of the target falls back and contributes to the 
regolith. The remaining ejecta escape and become Individual asteroids or smaller debris in 
their own right. 

The previous three paragraphs have parameterized the problem. Let us now consider the 
collisional physics and what little has been learned from theoretical modeling and Earth- 
based experimentation. Cratering is somewhat better understood than is catastrophic frag- 
mentation. Not only have more laboratory scale experiments been done on impacts into 
semi-infinite targets, but nuclear explosion craters provide some basis for extrapolation 
to larger-scale events. Moreover, computer codes have been written to model hypervelocity 
cratering, not fragmentation, events. Nevertheless, a catastrophic fragmentation event may 
be thought of crudely but usefully as the limiting case of a cratering event that consumes 
a significant fraction of the volume of the entire target. Laboratory-scale fragmentation 
experiments involving velocities in excess of 1 km/sec are reported by Moore and Gault 
(1965), Gault and Wedekind (1969), and Fujiwara et al. (1977). 

The kinetic energy of the projectile is partitioned into several forms of energy upon 
impact. For rock-into-rock cratering impacts at 5 km/sec, O'Keefe and Ahrens (1977) com- 
pute that 20* of the energy goes into heating (including melting and vaporization) of the 
projectile, another 20% into heating the target, and about 50% into plastic work and com- 
minution. The remaining 10* is partitioned into the kinetic energy of the ojecta. An 
experiment by Gault et al. (1963) shows the distribution of ejecta velocities as a function 
of mass-fraction. The fraction of ejecta failing to exceed the escape velocity falls back 
to the surface. It is uncertain to what extent such cratering models are applicable to 




o 


fragmentation events. But the aste'old size-dlstributior 1s such that most catastrophic 
fragmentation events involve target-projectile ratios only slightly larger than is suffici- 
ent for fragmentation, so the events are not grossly dissin.,lar from large cratering events; 
hence one might expect roughly similar energy partitioning. 

The most important variable, however, is the physical nature of the asteroidal material. 
Both dimensional analysis and actual experiments denxinstrate that the energy (hence projec- 
tile mass) necessary to produce a specified amount of damage {v.g. , crater of a specified 
size eT fragmentation of a target of specified size) scales roughly as the target strehgth. 
Interpretations of spectrophotometry are consistent with some asteroids being s’milar to 
carbonaceous chondrites, which have crushing strengths as low as 3 x 10^ dynes cm'^; others 
may be of strong metallic composition with crushing strengths exceeding 2 x io'° dynes cm*^. 
Of course asteroids may have bulk strengths much lower than that of their constituent mate- 
rials if they are already fragmented, which might have resulted from previous coliisional 
history (see below). 

Considerable literature exists on energy/diameter scaling laws for craters, espe- 
cially in rocky and sandy substrates. Much less is known about fragmentation events, but 
experiments summarized by Greenberg et al. (1977) suggest t at the effective "impact 
strengths" of materials are about two orders of r «gnitude U-ss than crushing strengths; 
i.e., a basaltic body of crushing strength '^10^ dynes cm*- will be catastrophically frag- 
mented if struck by a projectile with kinetic energy ^10' ergs/cm^. Of particular impor- 
tance to ast.-roids is the fact that ejecta velocities from Impacts into loosely aggregated 
material [e.g., sand) are c2 orders of magnitude less than velocities from impacts into 
rocks (Stoffler ct al. , 1975); a general velocity dependence on strength is suggested and 
it may apply also to fragmentation events, but the phenomenon has not been well documented. 

For 5 km/sec asteroidal impacts, catastrophic fragmentation may be expected to result 
when Y i 18 for hard, rocky bodies, y 5 7 for iron bodies ;at temperatures above the duc- 
tile/brittle transition), and > 5 50 for very weak bodies. For "supercatastrophic" colli- 
sions, involving y much less than the limiting values just listed, the excess energy produces 
more comminution resulting in a smaller diameter for the largest fragment and a larger popu- 
lation index for the fragmental size distribution (see discussion in Greenberg et ah, 

1978). 

In order for an asteroid to be "destroyed," it must not only be fragmented, but the 
fragments must have sufficient kinetic energy to overcome their mutual gravitational at- 
traction. Roughly, this will happen if the portion of projectile kinetic energy that goes 
into fragmental kinetic energy (perhaps 5 to 10) exceeds the gravi tational binding energy 
of the target. In detail, it is required that most of the fragments, especially the most 
massive ones, are accelerated to velocities exceeding the body's escape velocity. For 
solid, rocky bodies flCO km diameter, any impact sufficient to fragment the body will also 
be sufficient to disperse the fragments. But, for a larger, rocky body, it may be margin- 
ally fragmented but fail to be dispersed; such an event converts the body into a "pile of 
rocks" which no longer has substantial internal strength. Similar behavior would occur 
for weaker bodies ^10 km diameter. Such asteroids will not be dispersed until involved in 
a "supercatastrophic" event that partitions sufficient energy into kinetic energy to over- 
come the gravitational binding. Of course, when that occurs the largest fragment from such 
an already broken-up body will be rnurh smaller than the original body--to first order one 
might simply assume the body has disappeared as an observable asteroid and been converted 
into small interplanetary debris. 

Chapman and Davis (1977) and Davis and Chapman (1977) have been investigating asteroid 
coliisional evolution models, employing the parameters and concepts discussed above. In 
particular, they have considered the simultaneous coliisional interaction of two populations 
of asteroids, one consisting of strong bodies, the other of weak bodies. They have studied 
the coliisional evolution of the present asteroid belt {c.g. , the bias-corrected populations 
of Zollner and Bowell, 1977) as well as hypothetical augmeni-ed early asteroid copulations. 

A number of important results are as follows: 
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(1) The asteroids presently Impact each ot »r with sufficient frequency that most 

large asteroids must be expected to have been cai.strophically fragmented within the last 
several billion years. Provided that 5T to 10* of the kinetic energy is available for 
fragment dispersal, most large asteroids have lifetimes against disruption shorter than the 
age of the solar system even with the present low population density. Thus those that we 
see now must be either (a) fragments of rare larger bodies that chanced never to have been 
converted into a "pile of boulders" by earlier catastrophic impacts prior to catastrophic 
disruption; or (b) remnants of rare larger bodies that chanced to escape disruption and 
have been whittled down by gradual erosion. Since the characteristic lifetime against 
catastrophic fragmentation varies roughly as the square-root of the asteroid diameter, all 
small asteroids must be regarded as being inulti-generation and/or recent fragments of 
larger bodies. These expectations are in accord with several observations: asteroid spins 

are these expected for a collisionally evolved population (Harris, 1978) and asteroid 
Shanes seem to be irregular except for asteroids sufficiently large and weak that gravity 
induces sphericity. 

(2) Asteroid size- frequency distributions are not expected to be linear on a log-log 

plot. It had been argued previously that all asteroids (Dohnanyi, 1972) or at least colli- 
sional ly-evol ved C-type asteroids (Chapman, 1974) should exhibit such a linear distribu- 
tion. But two effects lead to nonlinearities: (a) the effects of gravity holding together 

fragmented objects until supercatastrophic collisions disrupt them, and (b) the interaction 
of populations of different strengths. Figure 2 illustrates one run of the Chapman-Davis 
program, resulting in nonlinear size-distributions for two types of asteroids that mimic 
rather closely the observed distributions for C and S types. 

1000 I- 


Fig. 2. Comparison of Chapman/Davis evolu- 
tion model ,/ith observations. For this 
particular run, initial size-distributions 
were chosen (solid lines) to model the type 
of scenario described by Chapman (1976). 

C and S asteroids were taken to have crush- 
ing strengths of 5 10^ and 2 x 10*° dynes 


MODEL EVOLUTION 
AFTER 4x 10* YR 
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and densities of .1 and 5 gm cm‘^. 


cm' 

simulating carbonaceous and iron-rich 
asteroids respectively. Impact strengths 
were taken to be 6;. of crushing strengths. 
The mass of the largest fragment involved 
in a supercatastrophic disruption was 
taken to be one-eighth the original mass; 
much smaller fractions, depending on energy 
density, might be more appiopriate and 
would result in diminished production of 
middle-sized asteroids. The dashed curves 
show the evolved C and S populations after 
4 X ’0° years. Plotted for comparison are 
bias-corrected frequencies of C and S 
asteroids observed today (Zellner and 
Bowel 1 , 1977). The frequencies are per 
interval of width 0.1 in log diameter. 
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(3) The present asteroid population mjii be a remnant of a much larger early popula- 
tion (Chapman and Davis, 1975). Figure 2 is typical of virtually all runs of the collision 
evolution model in that input populations orders of magnitude greater thai- present belt 
(such as "input C" in Figure 2) always decay to distributions approximatinn th? present 
belt (in both slope and Intercept) after sevc-^l billion years. The only ■ ^ial lui'ge 
populations that fail to evolve to the present belt are those in whi.h of the mass is 
originally stored in bodies substantially larger than Ceres nmroachv . lunar si/e. Note 
that result (1), that asteroids are highly fragmented, does not depend or. the jarly aster- 
oid population being more populous than today; pivaent impact rates sufTiciently high 
to lead to high fragmentation rates, even if the asteroid belt ori' ' ly contained only a 
fraction more mass than it does today. In fact, the present distritution and nature of 
asteroids may providp clues as to whether the population truly was oreater in the past. 
Chapman and Davis (1975) argued that the belt m’gh* have been >.300 times more popuU^us 
based on the characteristics of an inferred remnant population of veiy strong iron-..ios 
of precursor bodies. This inference is highly model -dependent and should not be regarded 
as a secure determination of the early asteroid population. 

Several sources of uncertainty require emphasis. First, because tnc relatively 
large values of y sufficient for catastrophic tragiiientation, the evolution of ma’n belt 
asteroids of observable sizes depends on the frequency of very-much-smaller asteroids-- 
those too small to have measured surface compositions and often so small as not to have 
been discovered or sampled at all. Thus future observations pertaining to the frequency 
and probable bull, compositions of asteroids in the 100 m - 10 km size range would be verv 
important. Second, more experimental and theoretica’ work is necessary to understand how 
projectile kinetic energy is partitioned into comminution energy and esp''cially into ej^^i ta 
or fragmental kinetic energy. Large nuantit’es of energy could be oartitioned into heat 
without necessarily melting major amounts of rock. Should much less than 1 of the energy 
oe available for kinetic energy, asteroid lifetimes might be much longer than we th'nk. 
Should smaller fraction'' of energy bn available ‘'or comminution throughout the astiroidal 
volume than is true at laboratory scules, asteroids might be less fragmented than '..e think. 


ASTtilvilD REGOlITHS 

Lunar scientists have developed a comprehensive understanding of the lunar regolith 
(Langevin and Arnold, 1977). Asteroid regoliths have received little attention, however. 
Most discussion has concerned possible particulates in the optical surface layer that 
would influence polarimetric properties Dollfus. 1971, and discussion of that oape 

by Anders and Chapman; also Dollfus ,■.* 1977). More recent interest in asteroid reuo- 

liLhs has come from metenriticists who require environments of substantial volume in which 
to produce the numerous gas-rich and brecciated meteorities (.•/., Macdouuall , • ia:4' 

If asteroid regoliths are, in fact, so thick as to constiiute a substantial portion of 
asteroid volumes (c.<?. , as argued by Anders, 19"''. 1978). then nwdels of the collisional 
evolution and lifetimes of whole asteroids must take regoliths into account, since crater 
volumes and ejecta velocities fr impacts into regoliths are very different the.'' f^n im- 
pacts into rock (see previous section) . 

Asteroids differ fi'or the Moon in two important respects. First, in the asteroid belt 
the flux of impacting objects -10 km diameter is ro'ighly three oraers of l•'agnitude qreater 
than in near-Earth space. Second, asteroid gravities are much less than lunar oravity, 
with escape velocities typically ran mg from meters per second to hundreds of meters per 
second. Lesser considerations are; ;a) impact velocities are lower m the belt than to*' 
the Moon; (h) asteroid compositions are generally different from lunar composition; 

(c) most asteroids are mere irregular in shape than the Moon; and (d) asteroids spin rela- 
tively rarialy. 





Housen et al. (1978) have developed a model of asteroid regolith evolution. It con- 
siders the buildup and erosion of regoliths on asteroids from the time an asteroid is 
created with a bare surface to the time an asteroid is struck by a sufficiently large im- 
pact so that it is catastrophically fragmented. At that point, the whole asteroid, if it 
is not dispersed, is converted into a "pile of rocks" or a megaregol i th. Housen et al. 
distinguish between a "typical region" on an asteroid and atypical localities where occa- 
sional sparsely scattered large impacts have occurred. The depth of regolith in the typ- 
ical region is determined by competition between processes that create regolith and those 
that erode and eject it. Regclith is created by the deposition of ejecta from the large 
craters outside of the typical region. Regolith is also created by small cra.ers in the 
typical region (and elsewhere) that penetrate existing regolith, comminute basement rock, 
and spread their ejecta around the typical region. Regolith is lost by the ejection of 
some portion of crater ejecta at greater than escape velocity. 

An essential assumption of the Housen et al. i.iodel , in its present state of develop- 
ment, is that crater ejecta are widely distributed around an asteroid. Figure 3 shows how 
ejecta distributions are loc'lized on large bodies, such as the Moon, and on smaller bodies 
of sandy composition. But on still smaller sandy bodies (-'lO km diameter), or on rocky 
bodies smaller than a few hundred kilometers diameter, the predominant ejecta velocities 
approach escape velocity and the fraction of ejecta that fails to escape surrounds the 
asteroid with a blanket of roughly uniform thickness. 



Fig. 3. Schematic illustration of the dis- 
tribution of crater ejecta on Moon-sized and 
asteroid-sized bodies with rocky and sandy 
substrates. Typical trajectories are shown. 
Ejecta velocities are greater f,om craters 
created in rocky surfaces. Ejecta blankets 
are relatively localized on a Moon-sized 
body but may completely surround an aster- 
oid, especially a small, rocky one. Ver- 
tical relief is exaggerated 10:1. 
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The incremental size-distribution of interplanetary debris is believed to be roughly 
described by a power law with an exponent between -3 and -4. Such a distribution is char- 
acterized by having the predominant surface area in tne small size fractions but the pre- 
dominant mass in the large size fractions. Provided that energy-scaling applies {i.e., 
crater volumes vary as projectile volumes for constant impact velocity), an asteroid sur- 
face area is predominantly covered by small craters, yet most of the ejecta are produced 
by the largest craters. It is for this reason that it is useful to study the "typical 
region" described above, which is defined as that spatially evolving fraction of an aster- 
oid surface that contains craters smaller than Dg, the diameter of the largest crater that 
"saturates" the surface of the asteroid. (Dg is obtained by integrating the areas of all 
large craters formed from t = 0 to the current time-step, from the largest crater down to 
craters of diameter Dg, constraining the total area to be one-third of the area of the 
asteroid. Thus, two-thirds of the asteroid surface is deemed to be "typical.") As time 
evolves, larger and larger craters contribute to saturating the surface, so Dg increases 
and the "typical region" changes shape to include them and to exclude recently formed 
craters larger than Dg. 



I 



O 


[ ■#. j jj ■■ 





LAROE CRATER DEPOSITS EJECTA 


rarcly/// 

.OARDLNEO/ 

'.REGOLirH/ 


^ELEVATION OP 
TYPICAL SURFACE 


, DORMANT > 
'REOOLITH 


'GARDENED 
, REOOLITH 


MOSTLY T 
ROCK, 
REGOLITH 
IN PLACES 


'“'V " ^ 


Fig. 4 Schematic Illustration of rego- 
lith evolution on a typical region of a 
small asteroid. Regolith is built up 
mainly by ejecU from occasional large, 
sparsely scattered craters outside the 
typical region and is "gardened" by 
numerous small impacts within the re- 
gion. The jagged shape of the surface 
elevation curve is due to discontirilious 
deposition. In reality, the typical and 
absolute gardening depth lines, here 
shown as smooth, would mimic the Jagged 
shape of the elevation line. There may 
be a dontiant jone in which ejecta once 
deposited is buried too deeply to be 
gardened tor a while. The "typical 
gardening depth" is the depth at which 
one turnover occurs per characteristic 
time scale. Catastrophic fragment.i tion 
usually occurs before the asteroid is 
completely eroded away. 


Figure 4 illustrates the evolution of regolith on the typical region. Initially only 
the smallest craters saturate the surface, hence little ejection of material occurs. 

Larger craters in atypical regions deposit ejecta all over the .isteroid and, in particular, 
onto typical regions, causing the elevation to rise. The regolith is built up discontinu- 
ously, with the biggest Jumps being due to the largest craters. Ouring the early period of 
maximum deposition and minimal erosion, a dormant rone may be created in which ejecta de- 
posits are shielded from the subseguent excavations by craters smaller than .'.. . Note that 
the vertical distance between the curves for the surface and the "absolute iiardeniiui limit" 
corresponds to the depth of a crater of diameter :'g. While regolith or rock .vn: be excavat- 
ed down to the absolute gardening limit, the material I'einains undisturbed in most places. 

The depth at whi.h iiwtcrial is ganiened at least once duriiu) typical time scales 

for deposition or erosion ot regolith is the depth of the vsmaller) cr.iters that saturate 
the surface during such short time scales. 

With passing time, laisier and larger craters are included in the typical region and 
ejection becomes more efficient. Simultaneously, because there is a maximum sice crater 
that can impact .v asteroid without catastrophical ly fragmenting it. the range of crater 
sices that contrioutes to deposition from afar onto the typical region shrinks. Increas- 
ing erosion and decreasing deposition lead to a iiMxim'.'m in surface elevation, followed by 
net erosion from the typical region. Iventually a suftiviently large impact occurs that 
the asteroid is fragmented and the regolith evolution mod.^1 is no longer applicable. 

Cases have been run for rocky asteroids ranging from 1-JOO km diameter and for 
weakly i.ohesive asteroids between 1-JO km diameter. A weakness in the present Housen 
t't al. model is that large, rocky astei'Oids that develop appreciable regoliths are treated 
as wholly rocky bodies, in calculitlng ejecta volumes and velocities, rather than as two- 
layer bodies with a weakly cohesive layer overlying a rocky substrate. Nevertheless, we 
can qualitatively understand such bodies by recognising that they respond to smaller cra- 
tering events like weakly cohesive bodies. The iiousen <•? .i.'. imidel is especially inap- 
plicable to large, weakly cohesive bodies for which ejecta velocities are insufficient to 
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surround the asteroid with ejecta. Local gardening and erosion must occur on such bodies 
as on other asteroids, but deposition from large, distant craters is not uniform across 
the typical region, instead, there are regions adjacent to atypical regions with much 
greater deposition and regions far from atypical regions with much less deposition than 
would be calculated by the model. 

Housen 3t al. have varied model parameters. The following conclusions seem to be 
reasonably secure. Small (e.g., 10 km diameter) rocky asteroids generate virtually no 
regolith and simply erode away until the asteroid is catastrophically disrupted. Rocky 
asteroids of >100 km diameter generate regoliths of hundreds of meters in depth, but the 
regoliths are very poorly mixed compared witn the familiar lunar case. Small (10 km), 
weakly cohesive asteroids generate a few meters of poorly mixed regolith. Large, weak 
asteroids have not been treated because of the inapplicability of the uniform-deposition 
assumption, but may be expected to have large but variable depths of regolith. Regolitns 
on such asteroid, are better mixed than on other asteroids, but probably are less well- 
mixed than the lunar regolith. 

The upper couple of meters of lunar mare regolith is the classic regolith. Since 
Apollo, meteoriticists have recognized some similarities between meteorites and lunar soils 
and breccias. But there are important differences, mainly in tne sense that the regoliths 
on meteorite parent-bodies are less "mature" than the lunar regolith. This is understand- 
able because meteorites sample greater depths than do lunar samples and because asteroid 
regolith processes differ from those occurring at the lunar surface. 

Although it is beyond the scope of this paper to describe ways that meteorites are 
produced and delivered from the asteroid belt, suffice it to say that because the asteroid 
size-distribution contains most volume in large bodies it is required that meteorites must 
come chiefly from large-scale collisions. The exact scale of collisions depends on the 
efficiency with which meteorites are delivered to Earth from various collisions, but mete- 
orites must typically sample parent-bodies to depths of kilometers. Thus, tne lunar mega- 
regolith (and examples of it among highland breccias) provides a better analog for meteor- 
ites than does the surficial regolith studied from lunar core tubes and other means. The 
size distribution of lunar cratering projectiles that yield craters with depths greater 
than a few hundred meters is known to be relatively shallow on a log-log plot, yielding 
more blanketing and less repetitive gardening than is true at smaller scales; the same 
should be true of asteroidal regoliths sampled at depth. 

Tv."> factors applicable to smaller and rockier asteroids that distinguish them from the 
Moon are ejectio'’ of substantial fractions to space and deposition from afar. Both factors 
tend to reduce the chances that a grain can be repeatedly bombarded. After participation 
in only one or a few cratering events, the probability becomes great that a near-surface 
grain is ejected to space. Also, each sizeable impact anywhere on the asteroid results in 
deposition of a layer that protects a grair. from being involved in a crater- forming event. 
Another distinction between asteroids and the Moo.c is that the damage done by an impact at 
5 km/sec in the belt is much less than that done at mi 5 km/sec on the Moon; thus aggluti- 
nate formation should be much reduced on asteroids, compared »»i^h the Moon, even if all 
other factors were equal. Interplanetary comparisons of regolith maturity have been made 
by Matson et al. (1977). 

The Housen et al. regolith production model for smaller, rockier asteroids implies 
that any impact in an atypical region would blanket the rest of the body with ejecta from 
that locality. In effect, such asteroids "paint themselves gray" (or whatever color) dur- 
ing each major impact event, masking whatever compositional heterogeneity may lie beneath. 
In reality, of course, a crater volume of ejecta is not spread uniformly over an asteroid, 
but must cluster somewhat due to variable ejection velocities and angular heterogeneities 
(e.g., lunar rays). Furthermore, the coarser the ejecta are, without a preponderance of 
fines, the larger a crater must be for its ejecta to mask the entire surface of an asteroid 
In the absence of any firm constraints on ejecta trajectories and size distributions, it 
might merely be noted that virtually all measured asteroids are composi tional 1y homogeneous 
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on a global scale, which may reflect the efficiency of regolith distribution processes or, 
alternatively, an underlying compositional uniformity for most asteroids (Degewij and 
Zellner, 1978). Vesta is one asteroid for which regional color and albedo differences are 
well documented, but it is a large body well outside the range of applicability of the 
Housen et al. model. Crater ejecta are far too localized to mask Vesta's underlying com- 
positional heterogeneity. Lateral heterogeneities would be expected to be absent from all 
asteroids except the following: very large rocky asteroids, moderate to very large weak 

asteroids, small rocky asteroids (that lack regolith altogether), and relatively "new" 
asceroids of any size. 


CRATERING ON SMALL BODIES 

Most of our experience in studying lunar and planetary cratering processes has in- 
volved the Moon and larger planets. With Mariner and Viking imagery of Phobos and Deimos 
now available, there have been initial attempts to underctand the cratering records on much 
smaller bodies. Some interpretations have been formulated in terms applicable to larger 
bodies, but which may not be relevant for small bodies. More recently, there has been some 
thinking about Phobos and Deimos as asteroid analogs and we must bear in mind certain dif- 
ferences between these small satellites, located deep in Mars' gravity well, and heliocen- 
trically orbiting asteroids of various sizes. 

Cratering on small satellites and asteroids differs from planetary cratering in several 
respects. Some differences are discussed in the previous section, including the fact that 
crater ejecta often completely surround small bodies and much may escape such bodies al- 
together. Another difference is that although smaller bodies are hit less frequently by 
very large impacts, when they are hit, they may catastrophically fragment, whereas planets 
are never hit by impacts sufficient to destroy them. We may compare the evolution of 
craters on a small body with the evolution of craters on a small portion of the Moon having 
the same area. To the extent that the local lunar area is affected by very large events 
occurring elsewhere on the Moon (a basin-forming impact, for instance), the small body 
would be totally unaffected (t.e. , the projectile would miss the body entirely). The small 
lunar area may, alternatively, be struck directly by a moderately large cratering event 
(e.g. , crater diameter half the diameter of the region) while such an event on a small body 
would catastrophically fragment it, ending the evolution of that body. Moreover, those 
projectiles that do strike the small body without fragmenting it will produce different 
effects from those of a similar projectile striking the small lunar region because of dif- 
ferent gravity and possible differences in competence of the surface layers. Generally, as 
argued in the previous section, there is more uniform deposition of ejecta on a small body 
than on a large one. 

There are two major differences between martian satellites and asteroids of similar 
size. First, the impact rates are far less in the vicinity of Mars than in the asteroid 
belt. Second, ejecta that escape Phobos and Deimos rarely if ever can escape the gravity 
of Mars itself. As argued by Soter (1971), the ejecta orbit Mars; eventually most of this 
may be reaccumulated by the satellites. Because of this effect, the martian satellites may 
oe like the Moon in that most ejecta returns to the body, but unlike the Moon in that ejec- 
ta are rather uniformly distributed over the whole satellUe. 

Craters have been used to address a number of important planetolcgical questions, in- 
cluding the relative and absolute ages of units and the effects of endogenic processes on 
planetary surfaces. A critical question in all interpretations of cratering populations is 
whether or not the crater populations are in equilibrium between crater- formation and crater- 
destruction. Thw most important crater-destruction process on a body that is geologically 
"dead" is the cratering process itself (overlap, erosion, and deposition of ejecta). It has 
been commonly thought {of., Thomas and Veverka, 1977) that the crater populations on Phobos 
and Deimos are "saturated" {i.e., in equilibrium with the cratering process) because crater 
densities approach a lunar "saturation curve" due to Hartmann. But the differences bet 1 
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martian satellites and the Moon described above yield different expected saturation den- 
sities. In particular, one would expect higher saturation densities on martian satellites, 
for at least two reasons: (1) Marcus (1970) has shown that the equilibrium crater density 

varies inversely as the logarithm of the dynamic range of the crater dimensions. Since 
the largest crater on Phobos is much smaller than lunar basins, the saturation density of 
small craters on Phobos should be higher than for craters of the same size on the Moon. 

(2) To the extent that crater ejecta are widely distributed, hence thin, on small bodies, 
moderately large craters on small bodies cannot be obliterated by blanketing, whereas 
those proximate to cratering events can be obliterated on large bodies. 

Further analysis of cratering on small bodies is required, but it seems likely that 
the apparently sub-saturated crater populations on Phobos and Deimos imply that the sur- 
faces of these bodies are relatively "fresh." This could have resulted from the creation 
of these satellites by fragmentation of larger precursor bodies at a time sufficiently re- 
cent that saturation has not yet been reached. Such a situation is not unreasonable, since 
the probability of catastrophic fragmentation becomes large as saturation is approached, 
provided (as seems to be true for craters larger than about 1 km) the slope of the incre- 
mental power-law describing the cratering distribution has an absolute value ^3. Surely, 
in the asteroid belt, and possibly near Mars, the impact rates are so high that the life- 
times of small bodies are much shorter than the age of the solar system. Therefore, crater 
counts on asteroids will provide information pertinent to recent epochs only and cannot 
shed light on absolute or relative chronologies of events happening earlier in solar sys- 
tem history. 
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DISCUSSION 

VEVERKA; Could you summarize for me the physics of breaking up an object? 

CHAPMAN: There is a certain kinetic energy in the projectile, which is well defined and 
gets liberated by the impact into several kinds of energy. It breaks the bonds that 
are holding the material together. Some of it is converted into kinetic energy of 
fragments. 

VEVERKA: But isn't the problem knowing whether it makes a lot of little pieces or a few 

big pieces? 
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CHAPMAN; That is right. What is the size distribution of crater ejecta or fragments of 
some large broken up asteroid? We don't have any experiments on this scale. Certainly 
experiments have been done over a range of sizes on a laboratory scale, and I believe 
the basic physics is understood. When you impact something a shock wave will propagate 
across the body. You are going to deposit more energy per unit volume near the point 
of impact than you do farther away. So on a qualitative level, at least, one can be 
quite sure the target is smashed up into a lot of small particles right at the point 
where the impact occurred. The far side of the body will split apart into a few big 
pieces simply because a few fracture planes went through. I would add, however, that 
the velocity associated with the resulting fragments is also critical. The low gravity 
of an asteroid is a very fundamental characteristic; unlike the Moon where all the 
ejecta falls back, for an asteroid some really significant fraction of the ejecta es- 
capes. 

ZELLNER: What is the time scale in the present asteroid belt to crater a freshly broken 

surface? 

CHAPMAN: The lunar mare surfaces are saturated with craters less than about 100 m in diam- 

eter. So if you are talking about that size crater and if the time scale is three 
orders of magnitude shorter than for the Moon, then the surface is cratered in about 
4 million years. 

VEVERKA: There is a difference oetween an equilibrium density and a saturation density. 

The latter is determined by seeing how many circles of a given diameter you can fit 

into a given area. But there will be fewer craters of a given size in the equilibrium 

situation because in the real world craters are destroyed by a variety of processes 
which are not modeled adequately by simply drawing circles on a plane. Even on a small 
asteroid craters are affected by ejecta from other cratering events, but the effect may 
not be as important as it is in the case of the Moon. Thus we might expect crater den- 
sities higher than those in the lunar uplands, but still below the theoretical satura- 
tion limit. The important question is how much higher might the equilibrium crater 
densities on a small body be? 

SHOEMAKER: Quantitatively, the lunar crater equilibrium distribution is the result of the 
smaller craters destroying the big ones by local transport of surface material. Quali- 
tatively, you would expect the same thing to happen on Phobos and Oeimos because most 

of the ejecta that escape from these moons is swept up again. If you are correct about 

asteroids, that most, •'f the ejecta are lost, the equilibrium density will be higher. 

CHAPMAN: What is happening on the Moon happens the way you say it does because of the size 

diitribution of small ejecta. Marcus (1970) discussed the size distribution of larger 
craters on the Moon for which the production function has a shallower slope. I think 
his concept is relevant for interpreting the number of moderately large craters on 
Phobos or on any asteroid. I agree when you get down to the smallest craters, where 
the size distribution is very steep, then it happens as you describe. 

GROSSMAN; You say that the impact rates in the asteroid belt are so high and for many 
asteroids a very large fraction of impact ejecta may be lost from the body completely. 
Has very much attention been paid to the oossibility that the regoliths on some of 
those bodies, maybe many of them, may not be from the body itself but from others? 

CHAPMAN: Yes, I think that has been thought about. You can apply this kind of analysis 

to see what happens when a grain of sand or a tiny little pebble impacts a large aster- 
oid. If you are in a regime where you are losing most of the mass by big impacts, you 
will probably lose most of the ejecta from small impacts, too. The velocity of the 
ejecta depends mainly on the velocity of the impact and is nearly independent of the 
mass of the projectile. The small impacts therefore produce erosion, too, and there 
is a net erosional regime on all asteroid surfaces. On the Moon, where you may or may 
not have net erosion, meteoritic material accounts for 2% of the regolith. It is 
going to be less than that on any asteroid. 

ANDERS: The amount of extraneous meteoritic material in gas-rich achondrites ranges be- 

tween 0.3 and about b%. So, judging from these meteorites, the amount of extraneous 
material that falls on asteroidal regoliths is indeed a small fraction. 
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ARNOLD: An effect which is small on the Moon, but which is responsible, I think, for the 
smoothness of the Moon's surface, is the fact the low velocity ejecta tend to move 
down slopes rather than up slopes. A fresh surface is rough, but after a while the 
little hollows fill in. On the smaller asteroids, the difference in gravitational 
potential between one point and another is comparable with the total gravitational 
potential. So even though things are thrown around much more widely, there may very 
well be a strong tendency for things to move down-slope, to move into the lows and to 
expose the mountains, ridges and high spots. If that is correct, it may well turn out 
there are high bare patches and filled low patches on small irregular asteroids. 

CHAPMAN: I would have thought it would be the other way around. If the gravity were low, 

wouldn't the ejecta go to any point independent of whether it were a mountaintop or not? 

ARNOLD: I am saying the difference between the gravity at the highest point and at the 
lowest point is a large part of the total gravity. In a situation like that, I don't 
care how low the total is, the material that doesn't escape is going to accumulate in 
the lows, whether it starts in the highs or the lows. I think that is a big effect. 

WOOD: But the frictional forces that tend to resist down-slope motion are constant, and 

must more effectively inhibit down-slope movements where g is small than where it is 
large. 

ARNOLD: Well unfortunately it isn't clear but it has an exciting potential. If it were 
true, it would expose clean surfaces on the highs. It is an experimental fact, whether 
my model is right or not, that the lunar rocks are clean and stand out. Although 
fillets are observed they are never very prominent. I don't know whether this effect 
would be more pronounced on the asteroids, but for now I am prepared to defend it. 

FANALE: It is interesting, philosophically, because this is the first time that idea has 

been mentioned. It may be an example of a whole class of things have haven't been 
discussed here because they haven't been thought of yet. 

CHAPMAN: That is entirely correct, and I want to say again that my comments about asteroid 
collisions, regoliths, and craters represent, as far as I know, a fair summary of the 
very limited state of knowledge about these matters. It is theoretical. There are no 
laboratory observations at appropriate scales. 

WOOD: What is the basis for thinking that crater ejecta distributes itself evenly over the 
surface oi an asteroid instead of being concentrated near the crater rim? My physical 
intuition doesn't lead me to that conclusion. 

CHAPMAN: Consider the material which is launched into space and then lands. (I am not 
talking about crater rim material which has simply been shoved.) It goes much farther 
if you have low gravity. Clearly if you are losing some substantial fraction of the 
ejecta entirely to space, the area over which the rest of the ejecta is distributed is 
going to be pretty large. 

SHOEMAKER: Let me describe one feature of an experiment done repeatedly at Ames Research 

Center — firing shots into a sawn vertical rock face. A tremendous flood of material 
is ejected from each at high velocity. But if you look at the high-speed pictures, in 
addition to all the rapidly moving objects, there are very often big spalls that are 
just barely ejected and fall to the floor of the shot chamber. In the typical crater 
formed in hard rock, some big chunks of rock are just barely lofted out of the crater. 
Thus, I expect that even on very small asteroids some material will pile up near each 
impact crater. 

WETHERILL: Generally, I am sympathetic with the idea that the small asteroids sie a steady- 

state population, being produced from their larger neighbors, and destroyed by colli- 
sions. I think there are also some observational data that might make one worry about 
how far this concept should be extended. In particular, the Hungaria region is an 
isolated region of the asteroid belt fenced off from everywhere else by several reso- 
nances. The largest object in there is 434 Hungaria which is a small object, about 
10 km. It is not really a family; there is a group of things that are probably frag- 
ments from Hungaria gathered around it and some more dispersed objects which are very 
unlikely to be direct collision ejecta from that object. They are typical PLS objects, 

1 km size. So in this region of the asteroid belt, as far as we know, there is no way 
to replace what gets destroyed. You may say they don't collide much because their 
semimajor axis is 1.9 AU. That doesn't really hold up too well because a lot of aster- 
oids get into that region and their collisions with the Hungarias occur at high velocity. 




You make up for the small number of collisions with ;ery catastrophic collisions. 

Somehow or other the Hungarias are preserved. You might say it all broke up yesterday 
and some of the fragments had much more velocity than we thought. Put them all together 
and most of the mass is still in 434 Hungaria. 

CHAPMAN: Another example which is very peculiar is the size distribution of asteroids be- 
tween the 2:1 and 3:2 commensurabi 1 i ties with Jupiter. They are outside the main belt 
but should have fairly significant collision interactions. Yet, there are no small 
asteroids in this region; they are all large. The PLS turned up almost no new aster- 
oids just interior to the Hildas. 

SHOEMAKER: An important issue here is the size distribution of fragments. There is an 
easy "kitchen experiment" one can do to see what kind of fragment distributions you get 
when you are right at the threshold between making a crater on an object and knocking 
the thing apart. All you need is a hunting rifle and a collection of rocks. With a 
little experimentation you will find the critical rock size. Once you pass the thresh- 
old of catastrophic fragmentation, lots of fine fragments are produced. But there is 
a critical interval, as this threshold is approached, where a peculiar variation in the 
distribution of large fragments relative to little pieces is found. When I look at the 
magnitude distributions of asteroids in some of the Hirayama families it reminds me of 
this critical range. 

CHAPMAN: The paper by Fujiwara et al. (1977) has some improvements in the theory of size 

distributions from such marginally catastrophic events and 1 think that regime is better 
understood now. 

VEVERKA: When I said that the physics might be different in the case of a typical asteroid, 

what I had in mind is that even before an asteroid suffers the ultimate catastrophic 
impact which demolishes it, it has already suffered a whole series of slightly less 
severe collisions which have caused a lot of internal fracturing and weakening. Thus 
when the big impact does take place, how the asteroid comes apart must be deteniiined 
in part by how it was pre- fractured. 

SHOEMAKER: Gault and Wedekind (1969) did a relevant experiment in which they repeatedly 

fired projectiles at spheres. Damage was accumulated in the spheres. Their experiment 
is an idealized version of the problem, but I think that their results qive a quanti- 
tatively correct picture. 

CHAPMAN: It is quite clear that there ought to be many impacts on the larger asteroids, 

larger than 50 km or so in diameter, that are sufficient to break the object up but 
insufficient to loft large pieces into space. Before you catastrophical ly rupture 
something entirely and disperse it into a Hirayama family, you will have created basi- 
cally a pile of boulders. 
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EARTH-APPROACHING ASTEROIDS: POPULATIONS, 

ORIGIN, AND COMPOSITIONAL TYPES 


E. M. SHOEMAKER and E. F. HELIN 

Division of Geological and Planetary Sciences 
California Institute of Technology 
Pasadena, California 9112S 


Earth-approaching asteroids are small bodies of stellar appearance 
which pass close to the orbit of the Earth. Some of these asteroids 
are the easiest bodies to reach by spacecraft, beyond the Moon. 
Physical observations suggest they have a broad range of composition 
and that at least a few may be the most primitive solid bodies that 
are readily accessible for detailed study. Hence they are of spe- 
cial interest for exploration. At least two different kinds of 
bodies probaoly are represented among the Earth-approaching aster- 
oids; (1) fragments of main belt asteroids, and (2) extinct comet 
nuclei. The number of Mars-crossing asteroids appears to be suffi- 
cient to sustain no more than 20% of the Earth-crossing asteroid 
population in steady-state, and the ratio of the number of Earth- 
crossers to Amor asteroids (1.02 AL < q 5 1.30 AU) appears to be an 
order of magnitude higher than that expected, if all near-Earth ob- 
jects were derived from Mars-crossers. Hence, although Amor aster- 
oids are approximately in equilibrium with and may be derived mainly 
from shallower Mars-crossers, the Earth-crossing asteroids are in- 
ferred to be primarily of different origin. The supply of extinct 
short period comets seems to be adequate to sustain the population 
of Earth-crossers, but little is known about the ultimate state of 
degassed comet nuclei. 

Precise physical observations have been made on somewhat more than 
a dozen near-Earth asteroids. Observed Amors occupy a broad region 
in the U-B versus B-V color domain, whereas the observed Earth- 
crossers have a more restricted range of color. The UBV fields of 
observed Amors and Earth-crossers exhibit moderate overlap. It is 
commonly believed that extinct cometary nuclei might resemble C-type 
asteroids, but no more than two C-type objects have been discovered 
so far, among the near-Earth objects. If Earth-crossers are domi- 
nantly of cometary origin, it appears likely that there are unusually 
strong observational selection effects which decrease the chances of 
finding C-type objects or that the expectations concerning the color 
and other properties of extinct comets are in error. 


INTRODUCTION 

The term Earth-approaching asteroid is used here to Jesignate small bodies of stellar 
appearance which are on orbits that allow them to pass rear 1 AU. A few of the known 
Earth-approaching asteroids are the easiest bodies to : each by spacecraft, beyond the 
Moon. Physical observations of these objects sugoe't that they have a broad range of com- 
position; some probably are the most primitive solid objects that are readily accessible 
for detailed study. 

Besides their intrinsic scientific interest, the Earth-approaching asteroids are 
especially attractive for exploration because of their very small size and because of 
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unusually small Impulses required for rendezvous at aphelion. Landing and escape from 
these bodies requires miniscule propulsion. A man could achieve escape velocity from 
most of them by jumping. For some of the Earth-approaching aste*" 0 lds, spacecraft trajec- 
tories can be found where the sum of rendezvous and Earth return Impulses Is In the range 
of 2-3 km/sec. What this adds up to Is feasibility of sample return. Much of the story 
that these small wanderers have to tell concerns the early steps of accretion of solid 
matter In the solar system. But the full story can be wrung from them only with the (Id 
of powerful techniques applied to samples In laboratories here on Earth. The prospect of 
sample return missions makes the Earth-approaching asteroids of special interest for ex- 
ploration. 


POPULATIONS OF PLANET-CROSSING ASTEROIDS 

Somewhat more than 40 Earth-approaching asteroids have been discovered in the course 
of the past 80 years of astronomical observation. Those asteroids which approach but do 
not cross the present orbit of the Earth have been called Amor asteroids. This designa- 
tion is applied here to all asteroids with perihelion distance, q, between 1.017 and 
1.300 AU. A little less than half of the Earth-approaching asteroids are Amors. The re- 
maining objects, with q 1.017 AU (the present aphelion distance of the Earth), are 
referred to here as Earth-crossing asteroids. From the standpoint of potential spacecraft 
missions, it is convenient to distinguish between Earth-crossing asteroids with semimajor 
axes, a, greater than 1 AU, here referred to by the conventional term Apollo asteroids, 
and those with a 1 AU, which will be designated 1976AA-type asteroids. All known Amor 
and Apollo asteroids cross the orbit of Mars, whereas the two known examples of 1976AA- 
type asteroids do not. In addition, there are about 50 Mars-crossing asteroids with 
q > 1.3 AU. These will be designated here simply as Mars-crossing asteroids or Mars- 
crossers. 

While the line drawn between Amor asteroids and Earth-crossers is useful for discus- 
sion of spacecraft missions. It is rather arbitrary from the point of view of orbit evo- 
lution and origin of these bodies. As a consequence of secular perturbations, at least 
three known Amors, Quetzalcoatl , Cuyo, and Betulia, are Earth-crossing during part of 
their secular variation cycle (Wetherill and Williams, 1968; Wetherill, 1976; Williams, 
personal conmunication, 1978). A few other Amors, with q slightly greater than 1 AU, may 
also be part-time Earth-crossers. By the same token, not all asteroids with q < 1.017 
are full-time Earth-crossers, Most Amor asteroids, over long periods of time, probably 
evolve into full-time '‘'»'th-crossers as a result of strong perturbations during close 
encounters with Mars and vvith the Earth (Wetherill, 1976). 

Three surveys in which planet-crossing asteroids have been discovered are especially 
useful for estimating the populations of these objects: (1) the Palomar National Geo- 

graphic Sky Survey (PNGS), conducted with the 122 cm Schmidt camera at Palomar Mountain, 
California; (2) the Lick Proper Motion Survey (LPM), conducted with the 51 cm astrograph 
at Lick Observatory, Mt. Hamilton, California; and (3) the Planet-Crossing Asteroid 
Survey (PCA) cond"cted with the 46 cm Schmidt camera at Palomar Mountain. Discoveries of 
planet-crossing asteroids from these three surveys are listed in Table 1. Omitted from 
Table 1 is the Mars-crossing asteroid 19490A, discovered in the LPM survey. Because only 
objects relatively close to the Earth that produced long trails on the PNGS and LPM plates 
were followed for orbit determination, neither the PNGS nor LPM observations are suitable 
for estimation of the population of Mars-crossers. 

Combined discoveries from all three surveys are used here to estimate the populations 
of Earth-approaching asteroids, and discoveries from the PCA survey are used to estimate 
the population of Mars-crossers. The area of sky photographed as independent fields 
(excluding overlap of plates) is as ^'ollows: 
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Table 1. Planet-Crossing Asteroids Discovered in Three Systematic Surveys 
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PNGS Survey 54,000 square degrees 

LPM Survey 44,000 square degrees 

PCA Survey 66,000 square degress (first five years) 

Estimates of the populations oi given classes of asteroids can be obtained by the 
following method. The magnitude-frequency distribution of each class of planet-crossiug 
asteroids is assumed to be of the form. 


where Ny is the cumulative number of asteroids equal in absolute magnitude to v cr brighter, 
V is the absolute visual magnitude, v(l,0), and K and b are constants to be determined by 
observation. The magnitude-frequency distributions of bcth main belt asteroids and inac- 
tive comet nuclei follow this simple exponential law closely; the size- frequency distri- 
butions of large craters on the Moon, Mars, and Mercury indicate that planet-crossing 
asteroids must also have a magnitude distribution of this form. The coefficient in the 
expojnt, b, is observed . ne close to 1 for all classes of small bodies. 

The constant K in Equation (I) is determined from the systematic surveys by means of 
the following equation. 


U" / br(v)l(v)!(v)e°''dv 
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where Py is the cumulative number of asteroids of a given orbital class observed in a “-ys- 
temavic survey, U is the square degrees of sky photographed, and F(v) is a function re- 
lated to thf atea searched in each orbit plane, for objects of a giver v, when one of the 
modes lies at opposition; r(v) is a function related to the mean time spent in the search 
area by asteroids of a given v, assuming random distribution of the arguments of perihe- 
lion; and I(v) is a function related to the mean relative size of the search area, for ob- 
jects of a given v, with randaily distributed longitudes of the node. A model of tne 
phocomet“ic phase function and information on the frequency distributions of perihelion 
and aphelion for each class of objects are required to solve F(v). Knowledge of frequency 
distributions of the orbital elements a, e, and i for each class of objects is required to 
solve the functions T(v) and I(v). The required empirical information is obtained from 
the sample of known objects in each orbital class. 

The lower limit of integration in Equation (2), v^in* is set by the single brightest 
object given b Equation (1) and is found by iterative solution for K. The upper I’nit 
of integration, vmax, is controlled by the effective magnitude th'-eshold of detection for 
fast-moving objects ^or a given telescope and photographic emulsion. As vmax is also de- 
pendent on the care with ..hich plates are searched for moving objects, it must be dete-- 
mined retrospectively ^rom the obj3Cts of highest magnitude discovered in a given survey. 
The values of K derived from Equation (2) are highly dependent upon the independently 
estimated values of d; the resulting values of Ny at v = 18, however, are relatively in- 
sensitive to plausible uncertainties in b. 

Estimate^ are given in Table 7 for the populations of the different classes of planet- 
crossing asteroids to absolute visual magnitude 18 (eouivalent to about 0.7 to 1.5 km 
diameter). Errors listed in the table are ± one standard deviatiot, and are derived solely 
from the statistical uncertainties associated with the small number oi discoveries. The 
next largest sources of formal error lie in the determination of vniax ^nd in the estima- 
tion of b. All other formal errors are small by comparison. 
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Table 2. Estimated Populations of Planet-crossing Asteroids 



Estimate from Systematic 
Surveys; Cumulative Num- 
ber to V(1,0) = 18 

Estimate by Wetherill 
(1976); Cumulative 
Number to B(1,0) = 18 

Earth-crossers 

800 ± 300 

%600 

Mars-crossers 



Amor asteroids 

%500 

300-700 

Moderate to hallow Mars-crossers 
Mars-"grazers" 

10,000 ± 5,000 
-v.5,000 

'x-5,000 


Aside from the formal errors, tnere is also a systematic bias in the observations. 

This bias arises in part from the failure of the observers to detect all the fast-moving 
objects down to a specified minimum length and density of trail on the photographic plates 
and also from limitations on the ability of the observers to follow the detected objects 
with sufficient observations for orbit determination. Thus tne estimates of the popula- 
tions of planet-crossing asteroids should be regarded as lower limiting bounds. 

Mars-crossing asteroids are subdivided in Table 2 into two categories, moderate to 
shallow Mars-crosse» s and Mars-"grazers." This is done because two out of the six Mars- 
crossers discovered in the PCA survey, Cline and 1973SA, just barely cross the orbit of 
Mars on rare occasions during the cycle of secula.' perturbation of their orbits (J. G. 
Williams, personal communication, 1977). For asteroids of this type there is a very low 
probability of close encounters with Mars, and there is little chance that they can evolve 
into Earth-appreaching asteroids, except as fragments from collisions. 

Also listed in Table 2 are estimates of the populations (cumulative number to 
B(1,0) = 18) of Earth-crossers, Amors, and shallower Mars-crossers obtained by Wetherill 
(1976) using different methods. For typical values of B-V near 0.8 for planet-crossing 
asteroids, the cumulative number of asteroids to V(1,0) = 18 will be about twice the num- 
ber to B(1,0) = 18, for any given orbital cl=iss. Within the uncertainties, Wetherill’s 
estimates agree with those derived here from discoveries in the systematic surveys. 

Another check on the population of Earth-crossers is provided by the cratering his- 
tory of the Earth and the Moon. As shown by Shoemaker (1977) the number of craters 10 km 
in diameter and larger on 3.3 billion year old mare surfaces on the Moon and the number 
of large impact structures found on the craton of North America are consistent with the 
flux of Earth-crossing asteroids calculated from the population of Earth-crossers given 
in Table 2. 

It may be seen from Table 2 that only a few percent of the Earth-appmaching aster- 
oids to absolute magnitude 18 and about IS' or less of the Mars-crossers have been dis- 
covered. Earth-crossing asteroids may be slightly more numerous than Amors, and Mars- 
crossers are about an order of magnitude more numerous than either Amors or Earth-crossers. 


ORIGIN AND ORBITA'. E j_JTI0N OF PLANET-CROSSING ASTEROIDS 

At least two different kinds of bodies probably are represented among the known 
Earth-approaching asteroids: (1) objects or fragments of objects which reside in or were 

derived from the main asteroid belt, and (2) nonvolatile residua or cores of the nuclei 
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of extinct periodic coniets. The former category includes objects which were on Mars- 
crossing orbits to start with or were initially close to regions of secular resonance or 
of low order commensurability with Jupiter. The second category of bodies is derived 
ultimately from much more distant parts of the solar system. Periodic comets are cap- 
tured from the Oort cloud and perhaps nearer regions of the solar system by close en- 
counters with Jupiter; a small fraction of these periodic comets is trapped in very short 
period orbits with aphelion distances near 4 AU by a combination of Jupiter encounters and 
nongravitational forces. An example of such a comet is P/Encke. Whatever nonvolatile 
residue may remain from such objects after 10^-10** years will be asteroidal in appearance. 
As a consequence of encounters with the terrestrial planets, further evolution of the or- 
bits of both "asteroidal" and "cometary" near-Earth objects, particularly of Earth- 
crossers, results in an extensive overlap of the orbital characteristics oi the two 
classes of objects. 

As Earth-approaching asteroids are derived, in part, from shallower Mars-crossers, 
it is of interest to examine first the origin of these latter objects, which are the most 
numerous of the planet-crossing asteroids. Typical dynamical lifetimes of Mars-crosscrs 
are of the order of 1-2 AE (Wetherill, 1976). Hence, many Mars-crossers probably have 
remained on Mars-crossing orbits since the principal period of planetary accretion. Such 
objects can be viewed as unaccreted planetesimals of Mars. The dynamical lifetime almost 
certainly exceeds the fragmentation lifetime of most Mars-crossers near V(1,0) = 18; 
asteroids in this size range probably are produced chiefly by relatively recent collision- 
al fragmentation of larger Mars-crossers. The estimate of the population of Mars-crossers 
to V(1,0) = 18, given in Table 2, is extrapolated from obsevations of larger asteroids 
on the basis of an assumed magnitude distribution law which, as shown by Dohnanyi (1971), 
corresponds approximately to an equilibrium fragmentation distribution. 

Small Mars-crossers may also be derived by fragmentation of asteroids adjacent to 
surfaces of secular resonance in the asteroid belt discovered by Williams (1969), or as- 
teroids near the Kirkwood gaps, in particular the gap at the 3:1 commensurability with 
Jupiter. Mechanisms by which meteorite- si zed fragments can be injected from these regions 
in the main belt into planet-crossing orbits have been described by Zinmerman and Wetherill 
(1973), Scholl and Froeschl^ (1977), and Wetherill (1977). Multiple collisiois are re- 
quired for injection from the margins of the Kirkwood gaps at the 2:1 and 5:2 commensura- 
bilities, and it zppears unlikely that more than a few ki lometer-sized Mars-crossers can 
be derived in this way. Main belt asteroids near surfaces of secular resonances, on the 
other hand, may be an important source of small Mars-crossers, and many known Mars- 
crossers lie close to these surfaces (Williams, 1971). For example, two out of six Mars- 
crossers listed in Table 1, lie. very close to secular resonances; 1974UA lies adjacent to 
the Hungaria region, near i = (15, and.l974U8 is near « = vjg (Figure 1); 1973SA, near the 
Flora region, is moderately close to 3 = vg (Williams, personal communication, 1978). 

None of the Mars-crossers discovered in the PCA survey are far removed from ^ secular 
resonance. 

A significant fraction cf the Mars-crossers is possibly derived from extinct comets. 

A list of half a dozen Mars-crossers with aphelion distance, Q, near 4 AU given by Marsden 
(1971) and a similar list by Sekanina (1971) may include objects of cometary origin. 

Close encounters with Mars can reduce Q, moreover, so that some Mars-crossers with less 
eccentric orbits may also be extinct comets. 

A large fraction of the Airor asteroids is, evidently, derived from shallower Mars- 
crossers. If the Miiiors were in dynamical equilibrium with Mars-crossers, then the ratio 
of the number of shallow Mars-crossers should equal the ratio of their respective life- 
times (Ot.k, 1963). As seen from Table 2, the ratio of Amors to shallow Mars-crossers is 
about 1/20 to 1/10, whereas the ratio of the lifetimes of Amors to those of shallow Mars- 
crossers is about 1/10 to 1/5 (Wetherill, 1976). The number of Amors appears to be slight- 
ly low for dynamical equilibrium, but the discrepancy is within the uncertainty of esti- 
mation. 
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Fig. 1. Surfaces of secular resonance in the 
asteroid belt (after Williams, 1969) and posi- 
tion of Mars-crcssing asteroids discovered in 
the PCA survey. 
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A significant number of the Amors, perhaps even the majority (Wetherill, personal 
communication, 1978) may be of co(netary origin. The most likely extinct comet among the 
known objects is Betulia, which has a maximum Q of 3.9 AU and a present orbital inclina- 
tion of 52'. Its Jacobi constant with respect to Jupiter suggests it may be a cometary 
object (Kresak, 1977). It should be noted, however, that Betulia, at times, crosses not 
only the orbits of Mars and the Earth, but also the orbit of Venus. By close encounter 
with Mars, Earth, or Venus the Jacobi constant with respect to Jupiter can change abrupt- 
ly, and the orbit of Betulia can become less or more comet-like with time. 

Earth-crossing asteroids, in contrast to the Amors, are clearly not in dynamical 
equilibrium with shallow Mars-crossers nor are they in direct equilibrium with the Amors. 
The typical lifetime of E'rth-crossers was reported as 0.5 ^ 10^ yr. by Wetherill and 
Williams (1968) and as -^.2 '< 10® yr by Wetherill (1976). If Earth-crossers were derived 
entirely from shallow Mars-crossers and were in equilibrium with f'ars-crossers , the” 
should be about 50-100 times less numerous than Mars-crossers and abou‘ 10 times less 
numerous than Amors. The figures in Table 2 show that this is not the case. There are 
too many Earth-crossing asteroids. 

The excess of Earth-crossing asteroids can be seen very simply in another way. If 
all Earth-crossers were in dynamical equilibrium with Amors, then, with decreasing q. 
there would be a relatively rapid, order of magnitude drop in the number of asteroids 
near the threshold of f .h-crossing. The reason for this is that the probability of 
collision or ejection of an Amor from the solar system as a consequence of encounters 
with Mars is much smaller than the probability of collision or ejection of an Earth- 
crosser as a consequence of encounters with the Earth. This is so primarily because the 
Earth is an order of magnitude more massive, and, therefore, gravitationally an order of 
magnitude more active than Mars. Contrary to expectation, however, the number of Amors 
and Earth-crossing asteroids is nearly uniformly distributed as a function of q There 
is roughly an equal population of Amors, with q between 1.0 and 1.3 AU, and of Earth- 
crossers with q between 0.7 and 1.0 AU. Among the discovered objects there are 20 Amors 
with reasonably well defined orbits in the range 1.0 AU ' q ^ 1.3 AU and there are 14 
Earth-crossers with 0. 7 AU ^ q < 1 .0 AU. 

The distribution of asteroids by q in the vicinity of 1 AU appears to be explicable 
only if the majority of Earth-crossers have been injected more or less directly into 
Earth-crossing orbits from some source other than Mars-crossers. Progressive evolution 
of typical Mars-crossers into Earth-crossers may account for. at most. 10-20' of the 
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Earth-crossers. The remainder must be derived chiefly from somewhat deeper regions of 
the asteroid belt or from comets. Collision debris from asteroids near the secular reso- 
nances can be injected directly into Earth-crossing orbits (Williams, 1973a, b). For 
the cases studied so far, a few percent of the ejecta becomes directly Earth-crossing 
(Williams, personal communication, 197<1). Other Earth-crossing objects are derived from 
perturbation by Mars of Mars-crossing debris which was net initially injected as deeply 
into a resonance (Wetherill, 1977). The combination of direct injection into resonant 
Earth-crossing orbits and the secondary perturbations by Mars produces one Apollo for 
every throe Amors derived from the secular resonances (Wetherill, personal communication, 
1978). A few tens of percent of the Earth-crossing asteroids may be derived this way. 
Collision fragments derived from the margins of the 2:1 and 5:2 Kirkwood gaps may be in- 
jected directly into Earth-crossing orbits, bui, because two collisions are required for 
this, the yield of kilometer-sized bodies probably is very low. So fa.' as the celestial 
mechanics of the asteroid belt is presently understood, there appear to be no other likely 
sources of Earth-crossers among the asteroids. A remaining probable source of Earth- 
crossing asteroids is the family of short-period comets. 

All but a few periodic comets are Jupiter-crossing and have extremely short dynam- 
ical lifetimes. The Jupiter-crossing comets are unlikely to be captured into very short 
period orbits by close encounters with terrestrial planets, although this must happen on 
rare occasions and may produce a few planet-crossing asteroids. A few comets, such as 
P/Temple 2, P/Clark, P/Grigg-Skjell -*rup and P/Encke have aphelia inside the '•'bit of 
Jupiter. All of these except P/Encke, however, pass within the sphere of influence of 
Jupiter, and they have a very high probability of being ejected by Jupiter from the solar 
system. Evidently from the action of nongravitational forces, the aphelion distance of 
P/Encke has been reduced to 4.1 AU (Sekanina, 1971), a critical threshold below which 
comets and asteroids are relatively safe from ejection. Comets entering this safe region 
have much longer dynamical lifetimes, which will permit a significant fraction to be cap- 
tured into still smaller orbits by encounters with the terrestrial planets. 

Two comets in moderately stable orbits appear to be nearly extinct: P/Arend-Rigaux 

and P/Neujmin 1 have been asteroidal in appearance during recent apparitions, although 
observations of P/Arend-Rigaux in 1977 revealed a very weak coma and tail (Degewij, 1978). 
Secular variation of the nongravitational acceleration of P/Encke suggests it may become 
extinct in 60-70 years (Sekanina, 1972), leaving a kilometer-sized inactive body. The 
asteroid Hidalgo is Jupiter-crossing and is very probably an extinct comet. Hence there 
is little doubt that a few comets, at least, are capable of evolving into planet-crossing 
asteroids, by progressive loss of their volatile constituents during perihelion passages. 

The question remains whether the supply of comets e-tering safe orbits is adequate 
to sustain the population of Earth-crossing asteroids. • difficult to give a reliable 
answer to this question as there is only one known examp such a comet. The popula- 
tion of Earth-crossers to magnitude 18 is roughly 10^, anu ey have a mean lifetime near 
2 X lO’ years. A new magnitude 18 or brighter Earth-crosser must be supplied roughly once 
every 2 x 10'* years to maintain the population in steady-state. Marsden (1971) has esti- 
mated that the lifetime of activity of a short-period comet is of the order of 10^ to 10"* 
vears. It would be a matter of luck, then, to discover a short-period comet, with a nu- 
cleus brighter titan magnitude 18, in the process of decaying into an Earth-crossing aster- 
oid. " 'Encke appears to be an example of just such a comet (Sekanina, 1971). Within the 
lifetime of persons now living, P/Encke may join the group of objects which, by the stan- 
dard criteria of telescopic observation, we recognize as Apollo asteroids. 

Finally, it is of interest to examine the orbits of the known Earth-crossing asteroids 
to see which ones are most comet-like. 1973NA has an aphelion distance of 4.0 AU and an 
inclination of 68’. Its Jacobi constant with respect to Jupiter is comparable to that of 
many periodic comets and suggests a cometary origin for this object (Kresak, 1977). With 
much less confidence, a similar case can be made for Sisyphus, 1981, and 1974MA. Adonis, 
Antinous, 1976WA, and PLS 6334 all have Q near 4 AU and might also be relatively unevolved 
extinct comets. These criteria should be used with caution, however. Some asteroids 




1 



i 





168 






I 


■%«**<* 


injected by collisions into the Kirkwood gaps or into secular resonances can acquire aph- 
elion distances near 4 AU. Encounters with the terrestrial planets, moreover, greatly 
modify the orbits of Earth-crossers. Asteroids with very small orbits can be derived 
from comets with orbits like that of Encke, and objects originating as typical Mars- 
crossers can be placed on comet- like orbits. 


COMPOSITIONAL TYPES AMONG THE EARTH- APPROACHING ASTEROIDS 

Precise physical observations have been made on 14 near-Eurth asteroids. On the 
basis of the available data, the Earth-crossing asteroid population appears to be differ- 
ent from the Amor population. The number of Earth-approaching asteroids for which phys- 
ical observations are available is still very small, however, and it is premature to draw 
firm conclusions about the differences or the similarities of physical characteristics 
between the Amors and Earth-crossers on the basis of this small sample. 

UBV photometry represents the most complete set of physical observations obtained 
on the Earth-approaching asteroids (Figure 2). An\or asteroids are distributed over a 



Fig. 2. UBV colors of Earth-approaching asteroids. Amor 
asteroids are shown with an open circle and Earth-crossers with 
a target symbol. Data are from TRIAD file and from Degcwij 
(1977), and Degewij et at. (1978). 
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Table 3. Classification of Earth*Approach1ng Asteroids by Compositional Type 


Amor Asteroids 


Earth-Crossing Asteroids 



ComposUJonal 


Compositional 

Type 

Reference 

433 Eros 

S 

2 

1566 Icarus 

0 

2 

887 Alinda 

s 

2 

1620 Geographos 

S 

2 

1036 Ganymed 
1580 Betulia^ 

s 

2 

1685 Toro 

U 

2 

c 

2 

1864 Daedalus 

0 

2 

1627 Ivar 

s 

2 

1976AA 

S? 

5 

1977RA 

s? 

3 

1976UA 

0? 

6 

1977VA 

M? or E? 

4 




^Although listed as an Amor asteroid 
may also be Earth-crossing part of 

, Betulia 
the titre. 

is Earth-crossing part of the time. 

1960UA 

^Zellner and Bowell (1977). 





^Based on data 

from Oegewij, et al. 

(1978). 




^Based on data 

from Degewij (1977). 





5 

Based on data 

from Gradie (1976). 





®Based on data 

from Zellner and Bowell (unpublished). 
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broad field in the U-B versus B-V color domain. Earth-crossing asteroids, on the other 
hand, occupy a smaller field which Is characterized by relatively high U-B values (exclud- 
ing, for the moment, the special asteroid Betulla). Most Amors with UBV colors close to 
the Earth-crossing asteroid field are classed as S-type asteroids by Zellner and Bowell 
(1977) and Zellner (1978) (see Table 3). The predominance of S-type asteroids among the 
Amor group is consistent with the derivation of these objects primarily from shallower 
Mars-crossers, as suggested by dynamical considerations. As shown by Chapman et al. 

(1975), Morrison (1977) and Zellner and Bowell (1977), S-type asteroids are the dominant 
type on the inner edge of the main asteroid belt, the principal region from which shallow 
Mars-crossers are, in turn, derived. 

Only one Earth-crosser, Geographos, is certainly an S-type asteroid. Besides Geogra- 
phos, the Apollo asteroid Toro falls within the Amor asteroid UBV field, but Toro is dis- 
tinguished on other physical characteristics from S-type Amors. The Earth-crossers 1976AA 
and Daedalus ie on the margin of the S field as defined by Zellner (1978). Daedalus was 
classified as an 0-type asteroid, along with Icarus, by Zellner and Bowell (1977) although 
polanmetric albedo determinations used by them in distinguishing this class have now been 
revised. Icarus and 1976UA, which snow extreme values of U -1, near 0.6, and intermediate 
values of B-V, near 0.8, are clearly distinct from S-type asteroids and from all measured 
Amors. 

It has been widely supposed that extinct cometary nuclei might resemble C-type aster- 
oids. The basis for this expectation is the belief that comets are very primitive objects 
and that C-type asteroios are similar to carbonaceous meteorites, which are the most primi- 
tive meteorites recovered. If many Earth-approaching asteroids are of cometary origin, it is 
plausible that some or perhaps most carbonaceous meteorites are derived from extinct comets. 
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Recently, more direct evidence nas been obtained which strengthens the supposition 
that the relatively nonvolatile constituents of comets are carbonaceous. A team of in- 
vestigators headed by D. E. Brownlee has succeeded in collecting substantial numbers of 
small particles of extraterrestrial origin from the stratosphere (Brownlee et al, , 1976; 
Brownlee et al. ■> 1977). Most of these particles resemble carbonaceous meteorites in com- 
position but are very different in structure. The presence of large concentrations of 
^He (Rajan et al. , 1977) shows that they entered the Earth's atmosphere as small particles. 
Comets are the most likely source for interplanetary particles of this type. 

A second and more direct observation linking comets to C-type objects is the UBV 
photometry of the asteroid Hidalgo reported by Degewij et al. (1977). This object, ■»!- 
though asteroidal in appearance, is almost certainly an extinct comet (Kresak, 1977); its 
orbit is Jupi ter-crossing and resembles the orbits of active periodic comets. It has a 
low albedo and its UBV color lies on the margin of the field for C-type asteroids. 

No more than two out of 14 Earth-app>"oaching asteroids studied to date are of the 
C type. Betulia is an unequivocal C-type asteroid (Lebofsky et al. , 1978; Tedesco et al., 
1978). Because its present perihelion distance is greater than 1.017 AU, it is generally 
listed among the A.nors, but as shown by Wetherill and Williams (1968), large oscillations 
in eccentricity and inclination of the orbit of Betulia are produced by secular perturba- 
tions; more than half of the time Betulia is Earth-crossing. The Jacobi constant of 
Betulia relative to Jupiter suggests it could be a relatively recent extinct comet. 

The Amor object 1960UA may also be a C-type asteroid, but the observations are insuf- 
ficient for classification. Its UBV color is on the margin of the C field; observation of 
its albedo will be required to determine whether or not it is of the C type. The perihe- 
lion distance of the orbit of 1960UA is less than the maximum aphelion distance of the 
Earth, and it may be Earth-crossing part of the time. The present aphelion of 1960UA is 
3.5 AU; its orbit could have evolved from one more like that of P/Encke by a succession 
of encounters with the Earth or Mars. 

The paucity of C-type asteroids among the Earth-crossers seems to be in conflict with 
the dynamical arguments for cometary origin of a major fraction of Earth-crossers. This 
conflict may be more apparent than real, however. Two selection effects discriminate 
against observation of C-type objects among the Earth-crossers. First, among asteroids 
of the same size, C-type objects are fainter and therefore are less likely to be observed. 
This selection effect led to serious underestimation of the abundance of C-type asteroids 
in the initial studies of the main belt. Half of the Earth-crossers studied to date are, 
in fact, among the brighter known. However, none of the intrinsically faint objects-- 
Icarus, 1976AA, and 1976UA--are of the C type. Secondly, there is a strong bias in the 
existing observations of Earth-crossers with regard to the semimajor axes of the asteroids. 
All of the Earth-crossers for which UBV or other physical observations have been made have 
semimajor axes less tl.,-:i 1.5 AU (i.e. , less than the semimajor axis of Mars). The observed 
objects all lie within the first 45th percentile of the semimajor axis-cumulative frequency 
distribution of Earth-crossers (Figure 3). This bias is partly related to the fact that 
objects with semimajor axes close to that of the Earth tend, on the average, to move slowly 
with respect to the Earth, and therefore are easier to observe. This circumstance made 
possible extended observations of 1976AA during its discovery apparition, for example. 

Part 0 ^ the bias is also due to the fact that the first three asteroids for which secure 
orbits were obtained, apparently by chance, had small semimajor axes; because the orbits 
were well determined, observational campaigns were mounted for these asteroids during close 
passes to the Eartl.. 

As shown by Monte Carlo simulations of orbit evolution by close encounters with the 
terrestrial planets (Wetherill, 1977 and personal communication, 1977), asteroids with 
initial orbits like those of typical Mars-crossers are more likely to be perturbed into 
orbits with small semimajor axes than are extinct comets with orbits like that of P/Encke. 
The proportion of Earth-crossers of asteroidal origin, therefore, should be highest among 
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Fig. 3. Frequency distribution of semimajor axes of Earth-crossing asteroids. Names of 
asteroids for which UBV observations have been made are shown with boxes. 


the objects of small semimajor axis, where the S-type object Geographos and possible S- 
type 1976AA are, indeed, found. A larger fraction of Earth-crossers of large semimajor 
axis (right-hand side of Figure 3), on the other hand, probably are of cometary origin. 

It should be borne in mind that comet nuclei may have much greater spectrophotometric 
diversity than is commonly supposed. One particular mechanism by which diversity might 
arise is suggested by the orbital characteristics of Icarus and 1976UA, two objects which 
have nearly the same UBV color and which have extreme U-B values. At perihelion, Icarus 
approaches within 0.18 AU of the surface of the Sun. At this distance the peak tempera- 
ture of a blackbody of low thermal inertia and an albedo of the order of 0.2 or less 
be about 600''C. Gibson (1976) has shown tnat about S0% of the carbon is lost from the 
carbonaceous meteorite Murchison by heating o 600°C for three days. At 900°C (corre- 
sponding to a perihelion distance of about C.l AU) 95« of the carbon is driven off. Thus, 
the albedo and color of Icarus may have been altered significantly by repeated close ap- 
proach to the Sun, especially if its perihelion distance were once somewhat less than it 
is at present. It is conceivable that Icarus was once a C-type object. 1976UA presently 
grazes the orbit of Mercury at perihelion (q = 0.464). At this distance, maximum tempera- 
tures are of the order of 270°C, which probably are too low to expel much carbon from the 
surface. It is entirely possible, however, that the perihelion distance of 1976UA was 
also at one time much smaller. 
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DISCUSSION 

ANDERS: Is it fair to compare the numbers of Apollos and Amors? Shouldn't one instead 

compare masses of the two populations, because fragmentation goes on all the time? 

The number doesn't stay constant during the time the Mars-crosser supposedly evolved 
to an Apollo. More likely one Mars-crosser gives several Apollos just by fragmenta- 
tion. 

SHOEMAKER: The numbers are all given to the same magnitude (and hence size) limit, and 

the magnitude- frequency distribution observed for main belt asteroids was used in 
calculating the number of V(1,0) = 18. it appears that this magnitude- frequency dis- 
tribution is approximately an equilibrium fragmentation distribution. Hence the 
effect of fragmentation of Mars-crossers is taken into account. 

ANDERS: Then you are integrating to a larger size limit for the Mars-crossers than for 

the Apollos. 

WETHER^LL: It is not necessary to consider fragmentation, as the ve resonance has the 

effect of rapidly equilibrating the Apollo and Amor populations. They should have 
nearly the same steady-state size distributions, except for objects like 1036 which 
is in an unusually stable orbit for an Amor. In addition to considering the Amor/ 
Apollo ratio, it is also possible to calculate the rate at which Apollos and Amors 
are produced from the large main belt asteroids. I think you could make 10% of them 
without too much trouble. But to make more than half seems very difficult. 

ANDERS; The paradox is not as great as it was ten yeirs ago. You should try to apply 
a correction for fragmentation and see how much o' a discrepancy remains. I think 
your factor of ten will be reduced by fragmentation. 

WETHERILL: I think the difference between ten years ago and now is that we have identi- 

fied new mechanisms to transport objects from the main belt to Earth-approaching or- 
bits. This decreases the discrepancy to somethiny like a factor of ten rather than 
a factor of 100. On the other hand, I think the factor of ten is much better estab- 
lished; it's a much more sophisticated number. 

ANDERS: Part of the problem is that, at the moment, the statistics on Mars-crossers rest 
on four objects. 

SHOEMAKER: There are two estimates in Table 2. One is based upon the four discovered 
objects, the other on a larger set of arguments. I think the estimates are reasonably 
congruent, and neither is likely to be off by more than a factor of ten. If Apollos 
were really derived by a process which generally involves an evolution of Mars- 
crossers into Amors, although not in every case, then you would e.'^pect to see a much 
larger number of Amors in proportion to the Apollos. 

NIEHCFF: There could be another explanation for the discrepancy, and that is when an ob- 
ject pecomes an Apollo, its lifetime goes up for some yet unexplained reason. 

ANDERS: the dynamicists are correct, and I think they are, there is no gimmick except 

a very odd resonance occasionally. 

WETHERILL: Apollos are not ’n that kind of resonance. 

SHOEMAKER: You might invoke some resonances like that found for 1685 Toro, which would 
slightly extend the lifetimes. 
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ARNOLD: Other possible mechanisms for the origin of Apo11os and Amors are also going to 
be called upon to explain why they are roughly equal in number. These other models 
might also give you the correct ratio of Mars-crossers to main belt asteroids. Sup- 
pose they are made from comets or something; once they cross the orbit of the Earth 
they are much more vulnerable, their lifetime gets much shorter. So again there is 
a discrepancy. 

WETHERILL: There is something to what you say. However, comets are more likely to have 
an aphelion near Jupiter, so their lifetime is also shortened by interactions near 
aphelion as well as by Earth-crossing. To really make it work, you have to say that 
a comet with a small perihelion is more likely to be decoupled from Jupiter by non- 
gravitational effects into an orbit like that of Comet Encke than are ones with a 
larger perihelion. This may not be the case because the total amount of gas loss, 
i.e. , the integral of the nongravitacional forces, should be the same. But it could 
be that the process is nonlinear, that getting near the Sun changes the lag angle or 
something like that in sucn a way it favorably places extinct comets into orbits with 
small periods. 

ARNOLD: The first explanation is likely to be perhaps a 20% effect. The second may not 
be right either, but it is well worth investigating. 

SHOEMAKER: The anomalous ratio of Apollos and Amors is the principal argument for invok- 

ing cometary sources for the majority of those asteroids. 
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During the past decade. Earth-based observations have led us 
from ignorance to considerable understanding about the phys- 
ical properties of asteroids. Candidate targets for space 
missions can now oe chosen using criteria that will not prove 
trivial in the future; intensive yrcuno- based studies of 
targets can re'ine the choices. Present reconnaissance 
studies of asteroids are now reaching maturity. Ground-baseo 
programs are shiitino to more specialised, intensive studies 
of selected individual bodies and special classes (e.g., 
Hirayama families). Two powerful techniques— radar and mid- 
IR spectroscopy— have yet to be widely applied to asteroids; 
high priority should be given to these programs in the futu-"e 
and to (a) search programs with a large SchimJt telescope 
(especially for M*rs- and Earth-approaching bodies), (b) a 
moderate resolut '•n visible and near-IR spectrophotometr.'c 
survey of at least half the asteroids, (c) high resolution 
spectrophotometry and radiometry of unusual objects, (d) radar 
studies of representative main belt asteroids, and (e) appli- 
cation of the full complement of astrophysical techniques 
(including polarimetry and intensive li jhtcurve studies) to 
objects of high scientific interest and to potential space 
mission targets. The infrared astronomical satellite (IRAS) 
also has high potential for contributing to asteroid science. 
Laboratory and theoretical programs complement observational 
programs by enabling data interpretation and synthesis. 
Ground-based programs should continue even in a future era 
of asteroid space missions in order t, extend ground-truth 
to the diverse and widely dispersed population. 


INTRODUCTION 


Our present knowledge of the asteroids rests entirely on Earth-based astronomical 
measurements, bolstered of course by observational and experinental studies of other 
bodies thought to be related to asteroids. The long history of asteroid discovery, oroi'^ 
determination, and photographic photometry had yielded by 1970 nearly 2000 known -jr-'er- 
oids and a wealth of speculations about their statistical distributions and orLjis: evo- 
lution. But substantial understanding of the physical properties of asteroids iwaiti^d the 
application of modern '•emote- sensing techniques, using efficient detortors at i nif ;ele- 
scopes, beginning about, 1970. 
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During the 1970‘s, reconnaissance measurements of parameters known to be related to 
surface composition have been made for over one-quarter of the numbered asteroids, although 
the full range of available techniques has been applied to few objects. Me will address 
in this paper the question of what observations can be made in the near future. We will 
also attempt to treat the more speculative question of how much return may be expected 
from continued ground-based observations and whether such data have the potential for ul- 
timately resolving the qu»'stions that have been raised in the past decade. 


GROUND-BASED TECHNIQUES 

The techniques discussed in this section have already been successfully applied to 
asteroids. It is not our purpose to describe the techniques here; the reader may consult 
other pertinent references (see papers in Session II of this vo’ume). We will indicate 
what asteroid properties they reveal (or suggest) without delving into the methodologies 
and the caveats that always accompany interpretation of observations. The history of each 
technique is sketched to provide a frame of reference for our guesses about the future 
application of the technique. Of course, any application of ground-based techniques de- 
pends not only on theoretical capabilities of state-of-the-art instrumentation, but also 
on availability of facilities, funds, and interested observers. The growth in number of 
asteroids measured by several important techniques is illustrated roughly in Figure 1. 

UBV PHOTOMETRY 


SPECTROPHOTOMETff*' 

RADIOMETRY 

LIGHTCURVES 


POURIMETRY 



Zfim IR 


RADAR 


Fig. 1. Approximate growth in the number of 
ast“roids observed using several techniques 
du. ing the 1970's. 


Acteroid Searches and Photographic S'urv'-fs 

There have been two major photographic surveys of asteroids: the McDonald survey of 

all brighter asteroids, nearly complete to photographic magnitude 15 or 16, and the 
Palomar-Leiden survey, which sampled asteroids down to magnitude 20. The sheer number of 
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fainter asteroids and time-consuming nature of photographic surveys prohibits extension 
of completeness much beyond the current liniits. But sampling of the population of much 
fainter and smaller asteroids could lead to improved understanding of asteroid collisional 
processes, Hirayama families, and other important problems. Better sampling of asteroids 
in high inclination orbits and other unusual orbits is particularly important. Current 
search efforts by E. Shoemaker and E. Helin and by C. Kowal have slowly but substantially 
improved our knowledge about Mars-crossing and Earth-approaching asteroids. Application 
of a larger, dedicated instrument could increase the discovery rate by an order of magni- 
tude and help to establish the relationship between Earth-approaching asteroids, the main 
belt asteroids, comets, and meteorites as well as to establish cratering rates and thus 
chronologies on the inner planets. 


Visible Photometry of Asteroids 

The measurement of ti.e apparent brightness of an asteroid as a function of time pro- 
vides a crude estimate of an asteroid's size; combined with radiometry or polarimetry, 
the size is much more precisely determined Asteroid photometry as a function of phase 
angle yields some information concerning surface texture; but the measurements are time- 
consuming and not of primary importance. Relatively simple photometry ove» the course of 
a night (lightcurve photometry) can yield a fundamental property, rotation period, and 
some indication of asteroid shape. With great difficulty, photometry can yield more pre- 
cise knowledge about asteroid spin, including pole direction and sense (prograde or retro- 
grade) and better knowledge of asteroid shape. Some photographic photometry has been done 
for ail asteroids; but for many of the fainter objects, the best available nv^qnitudes are 
highly provisional. Photoelectric magnitudes are known for a quarter of all the numbered 
asteroids and could be extended to nearly all numbered asteroids within a few years by a 
single dedicated observer. Lightcurve photometry is a time-consuming program initiated 
in the 1950' s and yielding rotation periods foi several dozen bodies by 1970. Expanding 
interest during the 1970's, especially by foreign observers and some amateurs, has in- 
creased the number of known rotation periods to more than 150. The present sample only 
hints at some possibly very interesting correlations between lightcurve properties and 
diameter, orbit, and compositional type; yet it is difficult to imagine that the nunber of 
accurately known amplitudes and rotation periods will more than double in the next decade. 
Photoelectric photometry with sufficient aspect coverage to yield reliable pole positions 
is likely to be limited to a handful of objects for the foreseeable future. Nevertheless 
it is important to realize that, given time and sufficient motivation such as a planned 
space mission, the stipe, pole, and spin rate can be obtained by ground-based techniques 
for almost any asteroid. 
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UBV Photometry 

UBV photometry provides reconnaissance data that can be related to asteroid surface 
composition. While insufficient by itself to specify asteroid surface mineralogy, it 
does reliably imply membership in a few of the major compositional classes and is a use- 
ful tool fo. identifying anomalous asteroids. The technique was applied to several dozen 
asteroids in the 1950' s and 1960's and has been applied recently to aLout lOO asteroids, 
mainly by E. Bowell at Lowell Observatory ..nd by Oegewij, Gradie and Zel Iner at the Uni- 
versity of Arizona. The survey could be extended to virtually all known asteroid*- within 
a decade, given a dedicated observer and a telescope in the 2 m class. Color variation 
with rotation is potentially very important, but color variations discernable in Earth- 
based disk-integrated data seem quite rare among the handful of objects measured. 
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Polarimetry provides information primarily on the texture and opacity of particulates 
on asteroid surfaces. Measurements as a function of rotational phase for a handful of 
asteroids suggest- as with UBV measurements, that most asteroid surfaces are homogeneous 
on a hemispheric scale. More useful in the past have been measurements (mainly by B. 
Zellner) of polarization as a function of solar phase angle, over the generally available 
range of 0° co 30°. Individual values at small phase angles are correlated with albedo 
and more censive observations at larger phases yield precise albedos, except for the 
blackest asteroids. Since radiometry (discussed below) is more readily accomplished and 
yields the b.me information, the number of polarimetrically-determined albedos and dian- 
eters is not likely to increase much in the futu»"e. Future application of polarimetry 
will likely be for special-purpose studies; the technique can be applied, often with dif- 
ficulty, to perhaps half the numbered population. 
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Radicmetry 

Measurement of the thermal radiation from an asteroid at wavelengths near 10 and 20 
microns, when combined with visible photometry, vields a determination of asteroid diam- 
eter and albedo that is only slightly model -dependent (Matson et al. , 1978). The tech- 
nique was developed less than a decade ago, but by 1976 had yielded more than 150 asteroid 
diameters. There has been a recent lull in the measurements since the two regular observ- 
ing programs (those of 0. Morrison and 0. Hansen) have been discontinued. Work on special 
objects is con+'nuing at the University of Arizona. The technique is not much more dif- 
ficult than UBV photometry, at least for main belt objects, although it nquires instru- 
mentation that is less readily available. More than half of the numbered asteroids could 
be measured within a decade. More refined radiometry (as a function of asteroid rotation 
and phase angle) is correspondingly more time-consumirg, but can yield better determina- 
tions of asteroid thermal properties and the sense of rotation. Thermal emission spectra 
are potentially ir icative of composition, but so far no spectral features have been found. 


Spea trap ho tome t ly 

Spectrophotometry of asteroids can be accomplished from Earth in several different 
passbands and with a variety of instruments yielding different spectral resolutions. Such 
data are, to varying degrees, indicative of asteroid surface mineralogy (see McCord's 
paper elsewhere in this volume). Most spectral features of interest from 1000 A to beyond 
10 microns are relatively broad and can be detected with spectral resolutions (a\/\) of 
about 0.1; absorption band position measurements made with 10 times better spectral reso- 
lutior can define certain compositional characteristics reliably but still higher spec- 
tral resolution is not demonstrably useful. Filter spectrophotometry in the visible and 
near-IR (0.3 to l.l microns) has been published by McCord and Chapman for 100 asteroids 
and is available (in varying stages of reduction) for about 150 more. The technique can 
be applied, with difficulty, to more than half of the numbered asteroids; use of a multi- 
plexing instrument would increase observing efficiency, but it is doubtful that the tech- 
nique will be applied to more than a quarter of the numbered asteroids within the next 
decade. Broad-band filter photometry in the JHK region of the infrared has been done for 
several dozen asteroids, primarily by JPL scientists, and complements the visible spectro- 
photometry; because of low detector efficiency the technique cannot be applied to the 
fainter asteroids. Higher resolution studies in the 1-4 micron region, using quantum- 
effici interferometric techniques, have been made of several asteroids and--with con- 
siderao’. effort and allocation of major facilities and resources--can be applied to the 
hundred brightest asteroids; a major effort is underway by H. Larson. This infrared re- 
gioii is rich with diagnostic spectral features, but observations are somewhat hindered. by 
absorptions in the Earth's atmosphere. Spectral features exist in the UV, below 1500 A, 
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that differ for various rocky and metallic materials; it is unknown if such features will 
prove to be as compositional ly diagnostic as infrarod features, but in any case, exploita- 
tion of this spectral region can be accomplished only from above the Earth's atnwsphere 
and with exceptionally sensitive detectors because of the near-absence of short wavelength 
sunl ight. 


Radat' 


Radar is the one ground based astronomical technique that is known to be powerful but 
has yet to be widely applied to asteroids. Many Earth-approaching asteroids, and some of 
the larger main beU asteroids (especially those in the inner edge of the belt) are poten- 
tially within the range of the Goldstone and Arecibo observatory facilities. Radar detec- 
tion provides information on asteroid bulk properties (especially presence or absence of 
a major metallic component), size, shape, and roughness; more refined observations, poten- 
tially applicable to only a few asteroids, could be much more revealing. It is doubtful 
that radar observations will be made of more than a few dozen asteroids during the next 
decade. Passive detection of microwave radiation from a few asteroids has been done, but 
the technique is difficult and unlikely to provide fundamental infoniiation. 

There are several other techniques, or refinements of the above techniques, that have 
been, or could be, applied to asteroids. For instance, direct measurement of asteroid 
diameters by speckle interferometry, lunar occul tations , or asteroidal occultations of 
stars could help calibrate, and give us greater confidence in, the radiomettic technique. 

A combination of highly refined photometry, radiometry, polarimetry, spectrophotometry , 
and radar measurements of a single asteroid over a range of phase angles and rotational 
phase can uniquely specify geometric, physical, and compositional parameters that would be 
indeterminate or less certain from less complete data. Such a coordinated study of 433 
Eros in 1975 illustrated the possibilities of essentially all the ground-based techniques 
in current use (see the May 19/6 issue of Mass determinations are available for 

three asteroids and estimates may be made of the masses of several more asteroids within 
a few years. 
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III combination with known orbital parameters (t-.j., membership in a Hirayama family), 
physical parameters may be statistically treated for all asteroids, or subsets; thereby we 
may speculate about some asteroid properties not directly measurable (.-.o. , internal com- 
position, strength, nwdo of origin). But, fundamentally, ground-b’ ed observations are 
restricted to telling us about the size, shape, and spin of an asteroid and something about 
the mineralogy and texture of the surface layer as resolved on a global scale. Basic data 
on sizes and surface properties are now available for several hundred asteroids, could be 
extended tc any known asteroid, and probably will be extended to most known asteroids dur- 
ing the next decade. Basic data on spins and shapes exist tor half as many asteroids, 
could be extended to most, but probably will not be done for more than a few hundred in 
the foreseeable future. Highly refined measurements of asteroid procerties, employing most 
of the available techniques, have been done for only a few asteroids, could be done for a 
few Earth-approaching asteroids and perhaps 100 main belt asteroids, but probably will not 
be done for more than a handful . 
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OBSERVATIONS FROM EARTH ORBIT 

Observations from Earth orbit oermit the full resolving power of the telescope to be 
utilized over the full spectral range, unhindered by atmospheric absorptions. It remains 
to be seen how helpful such advantages may be. Extended spectral ranges in the UV and IR 
may provide important constraints on some types of asteroid mineralogical assemblages, but 
it seems unlikely that our understanding will be dramatically affected. The resolving 
power of the Space Telescope is probably insufficient to make useful map )■ even the 
largest asteroids. 
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Observations from Earth orbit may also be made with much greater efficiency than from 
the ground. For instance, the Infrared Astronomical Satellite (IRAS), a project currently 
in preliminary stages, would have the capability for doing radiometry of all known aster- 
oids; in fact it will measure such asteroids and thousands of as-yet-unknown asteroids 
unavoidably in the process of making a catalog of infrared sources. It remains to be 
established that the IRAS asteroid observations will be made and reduced in ways maximiz- 
ing the scientific return. 

While advantages to asteroid science by the allocation of a major fraction of observ- 
ing time from Earth-orbiting satellites and observatories would be great, the facilities 
provide even greater benefits to other astronomical disciplines and are thus unlikely to 
be allocated for asteroid work except in rare instances. The best prospects are cases 
such as IRAS in which asteroid observations are made unavoidably in the process of carry- 
ing out another program. 


THE FUTURE OF GROUND-BASED OBSERVATIONS OF ASTEROIDS 

It is not easy to speculate about the future. Certainly during the next decade, new 
techniques--or at least imoortant variations of present ones--will be developed that may 
be applied to a sample of asteroids. But any ground-based remote-sensing technique is 
fundamentally limited to telling us about reflected or emitted ndiation from the hemi- 
spherical ly ave'-aged surface of the body in question. New ground-baseo techniques are 
unlikely to address complementary aspects of asteroids (e.g. , concerning asteroid inte- 
riors) needed for complete unoerstanding of these bodies. 

in the previous section, we guessed at the likely application of present techniques 
during the next decade, assuming rough maintenance of present resources and priorities. 
Currently asteroids receive a substantial fraction of NASA-supported ground-based astro- 
nomical attention; vastly greater allocation of funds or major telescope time 's unlikely. 
But modest increases are possible if continued asteroid observations are deemed to be 
important. Asteroids (unlike cometary nuclei, for example) are very profitably studied 
from the ground. In terms of maximum return from minimum effort, however, it is probably 
true that we will have soon skimmed the cream from the top of the ground-based asteroid 
observations. Certainly the less powerful techniques are approaching their limits. At 
this point, therefore, the critical questions are two-fold: (1) Is the present understand- 

ing of the asteroid population adequate for technical planning of space missions and in- 
telligent choice of targets, or is the next decade likely to hold such surprises that any 
present mission strategy will ultimately seem ill-conceived? (2) What are the most 
profitable avenues for future ground-based work, both in support of space missions and in 
pii.’^iit of questions (such as population statistics) that can be addressed only from the 
grounoV 

Anders (1971), in the context of the first question, argued as follows: "Ground- 

based research on asteroids and meteorites is nowhere near exhaustion; on the contrary, it 
is movinci at an impressive pace. If we maintain this pace for another decade or two. we 
will not only have answered most of the questions posed for an early mission, but will be 
able to come up with a more worthwhile, more informative mission. . .Some crucial questions 
will undoubtedly remain when all ground-based studies have been pushed to their limit, and 
at that stage, perhaps ten years from now, further progress will require space missions. 

We do not know what sort of a target will have the highest scientific interest at that 
time: a Trojan, a Hilda group asteroid, a few nearly soherical asteroids (small or large) 

in the near or far parts of the belt, a few ighly irregular objects, a Hirayama family, 
etc. Any choice we make now is likely to soom trivial or uninTormati ve a decade hence." 

We submit that the ground-based observers have done their homework since Anders' 
statement was drafted almost a decade ago. Whereas we were then largely ignorant about 
asteroids and their significance, we now have learned enough about them to foniiulate some 
fundamental cosmogonical and planetological questions that exploration of asteroids may 
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answer. Compositional classifications are now adequate for the planning of quite few 
multi-asteroid rendezvous missions, each including a variety of important types. To a 
substantial degree we know which asteroids are likely to be related to known meteorites 
'by avuncular, if not parental, association) and thus are interesting for in aitu studies 
of the meteorite parent bodies. We also know of objects that aie not represented in our 
meteorite collections, and are especially significant on that account. We can character- 
ize asteroids sufficiently to assert that available techniques will likely prove practical 
for the determination of critical physical and engineering parameters--size, shape, spin, 
surface type, etc. --for almost any known asteroid It no longer seems possible that tar- 
get choices made on the basis of current knowledge will prove trivial. Of course, our 
understanding will be better when (and if) final target selection is required; a ground- 
based program dedicated to observing candidate targets cc ,.ld further upgrade target 
selection. 

The second important question concerns the most productive directions for future 
ground-based programs. Clearly, several of the productive past reconnaissance programs 
are approaching their limits. As we learn more about the asteroids, there will be an 
inevitable shift toward more specialized programs addressing problems of high scientific 
interest. They may involve application of proven techniques (e.g. , radiometry) to special 
classes of bodies (tj.;;. , Hirayama families) or application of past or developing tech- 
niques to intensive studies (e.g., lightcurve pole-determination, detailed measurement of 
absorption bands, or thermal IR studies of rotational and phase effects) of a rodest 
sample of asteroids of exceptional interest. Thus we n«y expect a diminishing number of 
new asteroids measured but an increasing sophistication in techniques and results for 
sampled asteroids. Future programs will increasingly be directed toward well-formulated 
questions of cosmogony or interrelationships. A concomittant requirement of the ground- 
based program is that increased attention be given to interpretation and synthesis of data 
already obtained and to associated theoretical and laboratory research programs. For ex- 
ample, it is important to investigate the role of metal on and within asteroids: how 

metal reddens asteroid spectra, how metal responds to hypervelocity impact at asteroidal 
temperatures, and how metal affects thermal properties and interpretation of radiometry. 

The progress of science is unpredictable. Nevertheless we can identify the following 
ground-based programs for high priority during the next few years; 

1. A substantially expanded search for Earth-approaching objects, 
by broadfield photographic techniques, particularly in con- 
junction with the IRAS survey. A new large Schmidt telescope 
appears to be needed; the cost will be substantial but the 
benefits will be great for all of astronomy. 

2. A spectrophotometric survey of ronghly a thousand minor planets, 
at resolution comparable to UBV or somewhat higher, but extended 
to longer wavelength. Detectors now exist for adequate photon 
count out to wavelength 1.10 microns for the majority of the 
numbered asteroids. The survey is othen^ise routine, using 
fully proven facilities and techniques. 

3. Continued thermal-radiometric studies, especially of newly dis- 
covered Apol lo/Aniors and main belt objects that are found to be 
spectroscopical ly interesting. The techniques are fully proven, 
requiring only dedicated observers. 

4. Continued and expanded high-resolution spectroscopy and narrow- 
band spectrophotometry in the visible and infrared of asteroids 
found to be especially interesting in the low resolution survey. 

The 0.8-3. 5 micron spectral region is especially important for 
more sophisticated characterization of the mineralogy. Improved 
detectors are appearing. Additional laboratory and theoretical 
work on interpretation of reflection spectra is needed. 
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5. Radar studies of a small representative sample of main belt 
asteroids. 


6. Application of the full complement of astrophysical techniques, 
including polarimetry intensive lightcurve studies, for the 
objects of greatest scientific interest, for those objects 
(such as Vesta) which are certain to be high on the list for 
space missions, and for all objects which emerge as good can- 
didates for space missions on dynamical grounds. 

We now seem to be passing from the stage of total ignorance about the ground-based 
observable properties of asteroid surfaces to a state of considerable knowledge. One may 
imagine that after another few years devoted to the remaining important observations and 
synthesizing the available data, the broad ground-based perspective on the nature of the 
asteroids will be largely complete. The scientific approach must ultimately shift from 
the observational characterization of asteroid surfaces to developing hypotheses concern- 
ing how asteroids got to be the way they are. 

Beyond those problems that can be tackled from the ground, many fundamental questions 
about small bodies and implications for solar system history require close-up analysis of 
their chemical, physical, and geological traits (e.g. , minor minerals, trace elements, 
isotopic compositions, surface topography, compositional heterogeneities, internal struc- 
ture, etc.). Space missions are required to measure such properties. Since asteroids are 
so numerous and so w' :ely dispersed in space, missions will necessarily be restricted to 
only a few bodies. Thus we must ultimately rely on remote-sensing data from the vicinity 
of Earth to extend insights gleaned from missions to the entire asteroid population. 

In conclusion, ground-based asteroid science has made sufficient progress so that we 
can be confident in designing a space miss’on exploration strategy that will not seem un- 
intelligent a decade hence. At the same time, there remains high potential for further 
understanding of asteroids from Earth-based programs that apply state-of-the-art techniques 
to special subsets of the population and address fundamental problems raised by the early 
reconnaissance data. 
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DISCUSSION 

FANALE: About the variations in polarimetric measurements--if nature made asteroids very 

nonuniform, you wouldn't know which variables are varying, because you're looking at 
a composite of a thousand variables. But nature makes them quite uniform, so polarim- 
et'^y is a wonderful technique for spotting something really wild. 

MCRRISON: Does uq, the angle of zero polarization, contain much information about rego- 

liths and dusty surfaces, or are these observations difficult or impossible to interpret? 
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CHAPMAN: It's my view that polarization is telling us something abtjt surface properties, 

but not enough. It's telling us that there are interesting differences between the 
asteroids, but there is not enough information in polarization or even polarization 
combined with photometry and other techniques to specify what these differences are. 
Once again, perhaps some insight may come with more observations or with better labo- 
ratory data which would enable us to understand these differences. 

VEVtRKA: Let me come back to Fanale's point. Polarization is a useful technique. It can 

tell you which asteroids are different. It does not necessarily have to tell you why 
and one shouldn't make the assumption that a lot of people have made, that somehow if 
you're clever the information is there and you should be able to sort it out uniquely. 
The parameter a- luay not have a unique interpretation in terms of regolith properties, 
yet it may still be useful to know that two particular asteroid? do or do not have the 

S3ni6 aQ. 

FANALE: And it gets you around the problems that come from not knowing the shape of the 
asteroid. 

MATSON: It seems to me that the differences that can be detected with polaiimetry are at 

a smaller scale than the differences that can be detected with radiometry. 

CHAPMAN: I think you're right. This is another reason why polarimetry is important. 

MORRISON: You mentioned that masses are known for three asteroids, but only two are pre- 

cise enough to tell us something. I expect we will not get many more with a precision 
like ICii. 

MATSON; With current radar technology, we can get ranges to the larger asteroids, and 
once you have a record of ranging data to Ceres or Vesta over a period of five years 
or more, you can start to pull out asteroid masses. 

VEVERKA: I think you have a problem there with time scales. It's certainly true that 

over a long period of time, say 100 years, you could get those asteroid masses. 

MATSON: Yes, that's true for the large amplitudes that one must use with ground-besed 

astrometry. But with radar you don't have to go for th>; maximum amplitudes. You can 
take some little wiggle. 

GROSSMAN: Is the ground-based observational activity leveling off due to money? 

CHAPMAN: Yes, it's leveling off due to saturation of several things, including the number 

of known asteroids, the funding, the available instrumentation, and the available man- 
power. 

MATSON: From the data that are available now we are seeing the main themes, we are seeing 

the large-scale story. Once one delineates the main themes, then ihe exceptions to 
the themes become absolutely crucial. Maybe 10 years from now we may find a peculiar 
asteroid that really alters our perceptions. 

CHAPMAN: We have come a long way and we have a considerable distance further to go with 

the present techniques, but we are not going to learn everything using .nly current 
techniques. 


--j . 

1 ^ 



) 1 i 

> . i 





1 "V > J 


1 ’• 1 

“’--i ; 




! i 

1 

1 

y 

1 ' 


• 

' , 1 

i 

. ^ 



1 







ijfi . i 



PRECEDING PAGE BLANK NOT FILMED N78“29019 


SCIENCE RATIONALE FOR AN INITIAL 
ASTEROID-DEDICATED MISSION 


FRaSER P. FANALE 

Space Sciences Division 
Jet Propulsi^ ■ Laboratory 
California Institute of Technology 
Pasadena, California 91104 


The maturation of our knowledge of asteroid surface mineralogy 
from Earth-based measurements and the simultaneous advent of a 
powerful new low-thrust propulsion s stem (Ion Drive) have 
brought us to the threshold of identifying a scientifically 
attractive initial asteroid-dedicated mission. Science re- 
quirements dictate rendezvous with several asteroids which 
should be carefully chosen on the basis of Earth-based obser 
vations, and investigated as global entities. Satisfactory 
execution of the key remote sensing experiments requires long 
rendezvous/orbit times. The delivery of one or more hard 
landers to asteroid surfaces is also scientifically desirable 
and within the capabilities of an Ion Drive system. Such a 
mission could provide unique insights into; (1) the physical 
and chemical conditions during planetary formation, (2) the 
internal differentiation histories of solid planetary bodies, 
(3) the genetic relationships among small solid bodies of the 
solar system, (4) the colli si onal history cf the asteroids ^nd 
its implications for the bombardment of planetary surfaces, and 
(5) the potential of asteroids as sources of raw materials for 
space utilization. 


CURRENT KNOWLEDGE 

Our current knowledge of the asteroids suggests that they niay provide a unique source 
of in'.ights into the fo>mational conditions and subsequent history of the solid bodies of 
the solar system. There are about 2000 asteroids with well -determined orbits, and with 
the application of current observing techniques this number could reach 50,000. Most or- 
bit the Sun in modestly inclined and eccentric orbits between 2 and 4 AU. Our strongest 
source of scientific information about the asteroids comes from observations of their sur- 
face optical properties (which strongly imply surface mineralogy) and comparison of these 
properties with those of meteorites for which a great library of chemical and isotopic 
data, with genetic implications, is available. A danger in such comparison is that, al- 
though most (but not all) asteroids strongly resemble some class of meteorites in their 
optical properties, hence mineralogical composition, there is no guarantee that this equiv- 
alence extends to other (trace element, isotopic, chronological, etc.) properties which 
characterize the meteorites. Other than qualitative inferences which may be drawn from 
reflectance spectra, we have no direct information concerning the chemical compositions of 
asteroid surfaces. Except for two asteroids for which approximate (±101-20%) densities 
are available, we have no direct bulk compositional information whatsoever, let alone in- ^ 

formation on zonal structure. Finally, even the optical properties refer only to the whole i 

disks; there has been no spectral mapping of the asteroias except for large numbers of 
lightcurves (albedo at a particular wavelength versus rotational phase) and polarization 
data. 
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still, the Earth-based optical data constitute our "strong suit" as far as scientific 
information on the asteroids and their relationship to the solar system as a whole is con- 
cerned. These data must also serve as the focal point of any attempt to plan intelligent- 
ly in initial asteroid missions. There are moderate spectral resolution (''-24 spectral 
element) data in the 0. 3-1.0 urn range available on about 200 asteroids and broad-band UBV 
photometry on perhaps another 300 (tf/. , Morrison, 1978; Chapman and Zellner, 1978). For 
about 30 asteroids, the 0. 3-1.0 yin data have been augmented with observations at two spe- 
cific wavelengths further into the infrared (1.6 and 2.2 ym). Continuous spectra from 
0.3-2. 5 ym are available for only a few asteroids. 
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The first conclusion from these data is that asteroid surfaces tend to fall into one 
of several rather distinct spectral classes which resemble spectra of each of several major 
mineralogical/chemical classes of meteorites (Morrison, 1978; Bowell et al. , 1978). The 
data favor thi. existence of such distinct classes rather than continua in that histograms 
of the visible albedos (Morrison, 1977) and red:blue ratios of all the studied asteroids 
are unequivocally bimodal and because other straightforward portrayals of the asteroid re- 
flectances (e.^. , visible albedo versus U-B magnitude, etc.) tend to prc'^uce distinct clus- 
ters of points (Zellner and Bowell, 1977; Bowell et al. , 1978). However, some asteroids 
do not fit well into any familiar meteorite classes on the basis of their spectra, and the 
frequency of falls of va. ious meteorite types appears to be rather different from the over- 
all population distribution among the asteroids--at least the belt asteroids. Neither of 
these problems shakes the apparent correspondence between asteroid surface spectral classes 
and classes of meteorites. In the broadest sense, most of these asteroid surfaces tend to 
fall into the following classes: C type Corresponding to optical properties of the primi- 
tive carbonaceous meteorites), S type (corresponding to stony meteorites made up of ordi- 
nary rock-forming silicates), and M type (corresponding to iron, stony-iron, or metal-rich 
meteorites). For a further discussion of asteroid spectra, se® Gaffey and McCord (1977), 
Chapman et al. (1975), Bowell et al. (1978), and a current review by McCord (1978). The 
dynamical arguments allowing derivation of most meteorites from the main belt asteroids 
(t 'eluding derivation of some from Apollo and Amor objects which might ultimately have 
been derived from the main belt) seem strong (Wetherill, 1977; Wetherill, 1978; Anders, 
1978). 

A second ooint is that the most populous class of asteroid surface spectra is equated 
to the most primitive and chemically complete meteorite type: the carbonaceous meteorites. 
This supports the general notion that asteroids may represent a potential watershed of 
knowledge about early solar system history because they are minimally altered remnants or 
incipient subplanets that never modified themselves endogenical ly (geologically) as has, 
say, the Earth. This notion--that asteroids are generally primi ti ve--is also supported 
by the observation that there seems to be some concentration of the (least modified) C 
asteroids in the outer portion of the belt. The C asteroids still cannot be portrayed as 
being the most composi tional ly unmodified or chemically complete objects (in bulk) in the 
entire solar system; present information suggests both comets and outer planet satellites 
may be more chemically complete in terms of bulk composition. However, differential sub- 
limation of ices makes cometary surfaces a complex source of information'-especially con- 
cerning the initial state of the non-iay component which was initially available in the 
inner solar system, while endogenic differentiation (it is easy to melt and differentiate 
a large predominantly icy object) creates similar complexities for the outer planet satel- 
lites. Also, the correlation of asteroid composition with heliocentric distance suggests 
that, despite considerable scrambling, most surviving asteroids seem (unlike comets) to be 
in roughly their original orbits. Thus asteroids seem most likely lo be dominated by 
material which gives clues to the original nature of solid material which formed the inner 
planets. (Ironically, the initial notion that this had to be so just because they were 
too small to have any geological (endogenic) histories of their own now seems to be an 
oversimplification (see below).) 

A third point is that, despite their apparent status as an assemblage which generally 
reflects the raw state(s) of the matter which made up the inner solar system, certain of 
the asteroids appear to have remarkably differentiated surfaces. No asteroid appears 
large enough to have differentiated by the processes which are usually c i ted with 
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planetary differentiation, t.e. , conversion of gravitational energy to heat or accumula- 
tion of heat from decay of long-lived nuclides such as ^^^Th or “*°K. In such 

small bodies ($600 km diameter) the heat would be lost as fast as it accumulated so it 
would never get hot enough inside to melt most silicates or metal. Does this mean that 
asteroids represent fragments from a disrupted very large object exceeding the summed 
mass of all the surviving asteroids by a large factor? More likely, we may have overlooked 
an important heat source that "works" even (or especially) for small bodies with short 
thermal lag times. One asteroid (4 Vesta) appears covered with basaltic surface flow'’. 

One class of meteorites (the basaltic achondrites) also seems to have been derived from 
such surface flows. Yet this object (Vesta) has a diameter of only 550 km. How old is 
the surface of Vesta and cf other asteroids which are suspected of having differentiated 
surfaces? What heat source was responsible? Heating by electromagnetic induction asso- 
ciated with an early stage in the Sun's development (Sonett and Herbert, 1977) has been 
suggested as one possibility; another may he heating by short-lived nuclides [e.y. ■, ^^Al) 
left over from nucleosynthesis (Papanastassiou et at., 1977). Both could be effective 
despite the short thermal lag of these small objects. All suggestions are subject to 
tests by study of the cratering histories of these differentiated surfaces as well as 
other measurements. A key point is that we may have failed to include such important 
early heat sources for the large inner planets in our analysis of their thermal histories.* 
The Moon is an example of a suspiciously small body which was rather thoroughly melted 
very early in its histo 'y. But the Moon is a borderline case; accretional energy could 
conceivably have beer sufficient to melt its outer portions. The problem is more sharply 
etched for Vesta; it seems mueh too small for the energy sources proposed for the Moon's 
differentiation to . ave been effective. Also it has two neighbors, Ceres and Pallas, 
which are larger *^ut apparently have primitive carbonaceous surfaces. Clearly, there are 
some major mysteries involved in our uncerstanding of energy sources in the early olar 
system, and cletrly the asteroids are a potential source of information which may lead to 
the explication of these energy sources. 

A fourth point is that the asteroids also may represent a major source of information 
concerning the very pocrly understood physical processes of planetary accretion. There is 
some balance today between accretion and fragmentation in the asteroid belt. By examin- 
ing asteroid surfaces we may be able to recreate this collisional history and understand 
why a single asteroidal planet apparently never formed. These collisions may also have 
revealed "cross sections" of the former deep interiors of asteroids. In addition, these 
collisions and dynamical rearrangements have delivered to the terrestrial planers a good 
part of the bombarding flux which Jominated their early history and the marks of which 
(craters) serve as a useful chronometer to document that history (Chapman, 1978). 

A fifth point is that asteroids represent a wide, even wildly disparate, assemblage 
of peculiar surface mineralogies ranging from very metal-rich surfaces to surfaces rich in 
carbonaceous materials. Tnis, together with the fact that these are small bodies (which 
are small enough to allow comparatively easy ejection of their surface material to space 
or alteration of their orbits) suggests--at least for the Earth-crossing asteroids--their 
possible eventual utilization as economically attractive sources of raw materials. Such 
materials could be used for construction of large space structures as opposed to the pos- 
sibly more expensive alternatives of launching materials from the Earth or processing them 
on--and launching them from--the Moon {e.g., see O'Leary, 1977). Thus we are led to the 
formulation of the following key questions which seem especially appr ..^hable via a'' .ere id 
studies. 



♦Even if the planets themselves accr.ted too late to benefit from such heat sources, the 
protoplanets that accreted to form planets may have been so differentiated. 
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QUESTIONS AMENABLE TO ASTEROID STUDIES 

1. What where physical and chemical conditions in the solar system 
during planetary accretion like? 

a. Wha. were the physical interactions among solid bodies of all 
sizes like during accretion of our planetary system? This 
includes processes of accretion, fragmentation, and dynamic 
rearrangement. What do these physical conditions imply for 
the formation and initial state of very large objects like 
the Earth and their subsequent bombardment history? 

b. What chentical fractionation processes opeiated during crmden- 
sation/accretion to produce differences in bulk composition 
among asteroids and could these s-’me processes account for 
apparent differences in bulk compositions among the terres- 
trial planets? Did these condensation/accretion processes 
produce "ready-made" or initial zonal layering ^'ithin astei'- 
oida’ jr planetary bodies in the solar system? 

2. What magmatic processes operated within accreted bodies to 
produce internal differentiation? 


When did these processes operate and what were the energy sources 
(short-lived nuclides, solar electromagnetic interaction, etc.)? 

Why did they seemingly affect some asteroids and not others? Did 
they affect the Earth and the other planets as welP 

3. What are the genetic relationships among smaP bodie in the solar 
system? 

Are there parental relationships among (a) various orbital families 
of asteroids, (b) various spectral classes of asteroids, (c) comets, 
(d) meteorites, U) planetary satellites, and (f) interpl, netary or 
interstellar dust? In wnat context does this place the vast library 
of isotopic, geochemical, lextural, and other information we have 
already accumulated on meteorites and what, in turn, does this tell 
■js about planetesimal /planetary genesis? 

4. What is the potential of the asteroids as =^000005 of raw materials? 

What variety of raw materials are available? Is mining from aster- 
oids of any of these materials for any application preferable to 
mining, processing, and launching from Earth, or mining from non- 
asteroidal extraterrestrial sources such as the Moon? 
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The preceding key questions are essentially those whicii were singled out in the 7,7 .-;*t of 
the Terrea trial K'Jica Scir'icc W.-rkina Croup (Brandt ot ai . , 1 977 ). 


SCIENCE STRATEGY AND MISSION TACTICS 

Wnat does all this information tell us about how (or indeed whether) to design an 
asteroid-dedicated mission? Some people might conclude that there are so many asteroids 
of such varied composition that the design of a valid mission which studies only a tiny 
fraction of a percent of then is a hopeless task. Others m'ght contend that the ground- 
based program has provided so much knowledge of the asteroids that we ought to waii until 
spacecraft reconnaissance of the entire solar system is accomplished before ,ve visit them. 
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Still others may conclude that our knowledge of asteroids is too meager to permit judi- 
cious mission planning or selection ot targets. 

I disagree with ^uch conclusions and conclude that, thanks to the ground-based pro- 
gram, ue have Just nou reached the threshold of ktir’ilcdge y.'ient- a valid {west : cation of 
this tnormous population of objects fror^ space 'rap . intelligently vlanyied. Moreover, 1 
conclude (see next section) that our conceptual designs for low-thrust oropulsion systems 
have also just recently matured to the point where a viable asteroid-dedirated mission, so 
planned may actually be executed. Specifically, based on ,he information in the previous 
section, I conclude: 

1. A BoientificaVp valid initial asteroid mission must visit 
several asteroids and not just one. 

2. Th' task of choosing asteroid targets is not hopeliss. Instead, 
the Earth-based data allow us to select representati ves of all 
major spectral classes and to identity other uniquely interesting 
target objects as wel 1 . 

3. Such a mission will achieve high scientific status only if it 
fills, for the selected asteroids, the two greatest gaps in our 
knowledge, namely information on their: 

a. densities 

b. surface chemi-'al com^'os : t i or. , including the maxin'ui" r.ii.ount of 
accuracy and spatial resolution consi'tent with achievement 
of the other listed mission goals. 

4. Spectral data should emp' size spatial resolution of two c’asses: 

a. very broad-band mul tispectral imaging 

b. high spectral resolution-moderate spatial resolution rapping. 

5. Some attempt at investigating the internal zonil structure of the 
asteroids should be made. 

I have made a semi-serious atte :pt at constr ■( * itiq a specific mission scenario. 

Table 1, based on these principles. This scenario s intendjd as an illustration only. 

In the next section, it will be shown that some spe.ific '.renarios nearly as demanding 
with respect to both targets and encounter condit’ons (see below) as that given here as an 
illustration of science desires have already been identified by Render (id7/) as being 
within the capabilitv of an Ion ilrive mission .ind compaMble with the delivery of a satis- 
factory scientific paylcad as well. Ii. Table 1, I have listed the demanded or preferred 
targets, the charactenc .ics of the target (if unique) or those of tne class that it 
represeits, the number of dependably identifiable candidates latisfying the description 
and the reasons why that asteroid or ciac> or asteroid deserves a plo-e in the limited 
list of targets. To underline the illustrative natu e of this sienariu, I should point 
out that there are at least two classes of obiecis whicr, could profitably he substituted 
for those I have listed. (1) a n'oiaber or members of a discrete orhitai taii'ily (because 
of the possib lity that zones internal to a fragmented progenitor m.ght be exposed; Nysa 
(Table 1) qualifies as the largest member of a l?-member orbital familyl. and (2) an aster- 
oid or asteroids known on the basis of its optical properties to be an ,•.|i^elv source ot 
any meteorites in hand. Finally, it seems unlikely that more than fou"-tc ‘v'e asteroids 
per launch could be included in an actual mul ti -rendezvous mission. 
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Priority 
( not order of 
encounter) 


1. Demand Vesta 


Table 1. An Example Multi-Rendezvous Mission 


No. of 

Description Examples Depend- 


550 km diameter; Unique 
covered with ba- 
salt-like materi- 
al/color varies 


Depend- special Scientific Interest 
able 


Members 



Global differentiation/ 
time?/energy source?/source 
of ac bond rites? 


a. Prefer Ceres Largest dark C 

tyr but oddly 
bright (''-6!: al- 
bedo); water band 

b. Accept other C type/albedo 
large C sub- <4“^; D > 70 km 
stitute for 

Ceres 


Unique 


10 Hygeia 
19 Fortuna 
324 Bamberga 


Largest object/relic, not 
disrupted/qeneral ly primi- 


tive/most populous class/ 
largest thermal lag/region- 
al endogenic effects? 

Primitive?/source of car- 
bonaceous chondrites? 


a. Prefer 349 
Dembowska 


Very red/deep 
olivine band 


b. Accept as An S with sub- 
substitute; stantial olivine 
other S with and pyroxene 
olivine and bands 
pyroxene 
bands 


Unique 

12 Victoria 
63 Ansonia 


Derived from mantles of 
differentiated objects? 

Class derived from mantles 
of differentiated objects? 


a. Prefer 
16 Psyche 


D > 200 km/ low 
albedo/no bands/ 
no sharp UV 
dropoff 


Unique 


b. Accept any | M, smaller than 


High albedo/neu- 44 Nysa 
tral color/"flat" 64 Angelina 
spectrum 



Huge metal-rich object/from 
cor e of differentiated ob- 
ject?/source cf mesosider- 
ites?/end member of S-M 
1 series 


Similar, but smaller 


Bright/surface of ensta- 
tite?/deep interior of dif- 
ferentiated object, but dif- 
ferent zone than other Ss? 


6. Any additional C type; D < 5L km 
C type smal 1 
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What should the scientific payload be? The measurement of satisfactorily accurate 
densities requires mass measurement accurate to 1? or better. For a 200 km diameter 
rocky asteroid this can be done with a closest approach of 10^ km if the velocity is 
1 km sec"*. The other ingredient in the density recipe is the volume, which requires 
global shape measurement. This is so because small asteroids, unable to reassume hydro- 
static equilibrium shapes after large impacts, can have "bites" missing from them which 
will mcdify the volume calculations. An approach within 1000 km or less should provide 
satisfactory resolution for this purpose in the case of a CCD camera. For imaging upon 
rendezvous or orbit, at least six broad-band filters should be part of the camera system 
and should be carefully chosen, not only to produce good color pictures of the object, but 
to create a synergistic base for extension of the results of a high spectral resolution- 
moderate (km) resolution spectral mapper. A conceptual version of the latter instrument 
has been proposed for the Lunar Polar Orbiter mission and has already been tentatively 
accepted for the Galileo mission. Such an instrument can produce definitive moderate to 
low resolution maps of mineral distribution over the asteroid surface. Also, a prominent 
H 2 O band has just been identified on the asteroid Ceres (Lebofsky, 1978). Maps of H 2 O 
distribution on asteroid surfaces may be produced and constitute an important and obvious- 
ly exciting produce of this and the gamma-ray equipment: both a gamma-ray and x-ray fluo- 

rescence instrument are necessities on the payload because together they will provide defin- 
itive chemical analyses of the major element abundances and selected abundances of espe- 
cially cosmochemical ly important minor or trace elements. Analyses of H, 0, C, Na, Mg, 

A1 , Si, K, Ca, Ti, Fe, Th and U are possible. Of particular interest would be the poten- 
tial of the gamma-ray instrument for measuring the C and especially H distribution since 
the history of H 2 O and other volatiles associated with C asteroids will be an important 
area of investigation. These measurements are absolutely essential to the fulfillment of 
the major science goals as indicated above. The reader is referred to the discussion of 
remote chemical measurements by Arnold (1978). Nonetheless, the quality of chemical data 
is enormously dependent on the encounter conditions. Based on the science needs of this 
mission, and the practicalities involved (see below), low spatial resolution chemical map- 
ping emerges as a requirement. There is no guarantee that vastly different geochemical 
provinces would be seen since the low gravitational fields allow significant global re- 
distribution of ejecta to result from impacts. Also the albedos of most asteroids show 
somewhat meager or nonexistent optical variations with rotation of most. Still, these are 
whole disk data and there is the possibility of some windows in some asteroid crusts that-- 
given the combination of chemical and spectral mapping--could be quite revealing. This 
might be true for the largest asteroids where iri?;acts have more difficulty in spreading 
material over most of the asteroid. Piles of large jgxposed blocks may characterize major 
impact sites. Also it is generally assumed that smaller asteroids are essentially in the 
erosional mode. Thus the statement that "asteroids paint themselves grey" nay prove more 
true than false, but the meager state of our knowledge of these objects leaves spatial 
resolution for chemical and spectral measurements as an important goal. A discussion of 
some of these problems is given in this volume by Chapman (1978). 

A crucial po’nt is that very slow flybys (<200 m sec *) are vastly preferable to fast 
flybys of the type offered by typical ballistic multi-encounter missions {e.g.. 4-10 km 
sec"*) in that Lne latter seem to offer only crude (10-15») chemical analyses of only a 
few chemical elements. For a major asteroid a slow (<200 m sec"*) flyby is capable of 
providing precise elemental analyses owing to the longer integrations times. When the 
stay time at the asteroid is several days, then not only could precise a alyses be ob- 
tained for several elements, but this analysis could be extended to cover a large portion 
of the asteroid and crude analyses could be obtained for each of a handful of spatial ele- 
ments, affording a crude chemical map. If the orbit could be maintained for tens of days, 
then a real map, containing perhaps 100 spatial elements, could be obtainei. Such a pro- 
cedure could allow spotting even fairly small regions of unusual chemical compositions— 
such as the windows mentioned above. Beyond these stay times, field-of-view limitations 
come into play. Also, the accuracy is likely to be limited by calibration uncertainties 
rather than oreci .ion. Figure 1 gives a very crude back-of-the-envelope representation of 
the dependence on the quality of chemical information for a typical off-the-shelf instrument 
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0 ^' vO.I 
1 


0.5 km/sec 


5 km/sec 


10 SPATIAL ELEMENTS 
AT 1% PRECISION 
OR 

100 SPATIAL ELEMENTS 
AT 3 % PRECISION -V 


1000 spatiAl - ^ 

ELEMENTS TO 1% 

PRECISION — 

FIELD OF VIEW. 

OR OTHER 

f»' T LIMITATION? 


100 SPATIAL ELEMENTS 
TO 1* PRECISION 
OR 

1000 SPATIAL ELEMENTS 
TO 3% PRECISION 


10 SPATIAL ELEMENTS 
AT 5% PRECISION 


FLYBY - 


ORBIT 


STAY TIME WHEN FIELD OF VIEW FILLED, hours 


rig. 1. A highly generalized representation of the typical precision with which the ratio 
of two major elements might be determined as a function of flyby velocity or orbital stay 
time at a 500 km diameter asteroid with a 100 km closest approach or orbital attitude. 

Since neither the elements nor the design of the radiometric instrument (approximately an 
off-the-shelf instrument) arc specified, the absolute values given should not be taken too 
literally. Also, it is only precision, not (calibration-limited) accuracy which is indi- 
cated. However, the strong dependence of the precision of whole disk analyses on flyby 
velocity, and the sharp dependence of mapping capability on orbital stay time are fairly 
portrayed. The close, fast flyby shown on the left is not only scientifically unattrac- 
tive, but It also requires the development and use of precise optical navigation techniques. 


in an example encounter. It is true that use of one of the recently developed huge (and 
heavy) detector arrays would improve the level of performance for a given set of encounter 
conditions. However, encounter conditions determine coverage and other parameters as well 
as signal-to-noise, and given any instrument the quality of the result is so steeply depend- 
ent on encounter conditions as to militate for <200 m sec"' relative velocities and orbit 
whenever possible. 

Information concerning the thermophysical properties of the regolith could be ob- 
tained from infrared radiometric measurements from 8 urn to 40 urn. Some ancillary composi- 
tional data might also be obtained. Tracking might provide valuable information concerning 
lateral mass variations. Considering the possibility of coalescence of several large nu- 
clei and the possibility of the resulting density composite surviving with minimal later 
internal evolution of some of these objects, and considering the possibility of radial 
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Table 2. Example Payload for Asteroid Rendezvous 


Orbiter 



Instrument 

Mass 

Power (w) 

1500 mm CCD Camera (800 x 800), 



multispectral (-^^ filters) 

250 mm CCD Camera (800 x 800), 
multispectral (%8 filters) 

20 

20 

x-ray Fluorescence 

2 

2 

Y-ray 

17 

10 

Mapping Spectrometer 

10 

5 

Multispectral Radiometer 

7 

4 

Radar Altimeter 

12 

30 

Fields and Particles Package 

10 

15 

Micronieteoroid Detector 

3 

2 

Tracking 

- 

- 

TOTAL 

81 kg 

88 w 

Lander (Mass = 

80 kg*) 


Instrument 

Mass 

Power (w) 

Facsimile Camera 

1.5 

1.0 

a-Backscatter/p/x-ray Fluorescence 

2.0 

1.5 

Seismometer 

2.0 

0.2 

Magnetometer 

0.6 

0.3 


— 

— 

TOTAL 

6.1 kg 

3.0 w 


TOTAL MASS OF ORBITAL INSTRUMENT PLUS LANDERS: 


81 kg (orbital instruments) + 160 kg (80 kg x ? landers) = 241 kg 
*Each of two. 


space was closely bound to the development of some sort of Shuttle-launched low-thrust 
propulsion system (Atkins et al. , 1976). 

Since then, NASA has committed to the development of a particular low-thrust propul- 
sion system, called Ion Drive, which is based upon the SEP concept, but which has much 
higher thrust.’r power levels, an improved array of solar cells and other major design 



U 3 (/> 

e ^ 


0) ^ 

> ac 

>,a» 

U > 

Q ‘*- 

r- O' 

C <0 

O i. « 

g <t> 
«o V 

C O.W1 

«0 t/t c 

o 

Q. T3 **- 
LU •*- 4-* 
t/l O 


0) *>- 
C k. > 

H. A 

»— 4-> O 

c 

*p 3 4/» 

QJ O »»“ 
4n» g 
C (/> 
O 01 g 
T9 O 

^■gt; 

£ ID >> 

' 4-» i/V 

i/) 

^ e 

0 0) o 

*--» O' ^ 

01 k «/t 


t'S, 

^ vs 

‘P ^ 

4> 

£ vs 
k- >» 

sf 

O <P 

* U 4p 

a. • 

O (P 

3 O 

T3 

§ kTo 

VI ^ xcn 

O O T> 
(p * --o 

g t/> 

pj «k 

k- O 

* • 

<o ^ 

C E k. lO 
^ i2 X 

g k. 

k. 

XVO 

41 

u <M c^ k- 

ro k. 

4-* 

v> cn cn 

g o • o 

3 CP o o 

4p m 

♦ o 

PI ■ 

<g m csi ^ 

-J ^ ^ *4- 

o. cp ^ 

> CM 00 


0 4^0 
»f- trt O 
4-» /p 

*3 

•— O 

•— 3 > 

rt3 •*“ NJ 

^ ‘O 01 

*5 ""8 

0 4» 


0*0^ 
5 •*- >1 
u o »— 

.•« fc. *»- 
Tl 0> 

4J *0 
r“ Irt C 
<0 (Q 
U 


c o. 
0 > 4- o 
> o w 

CL 

O' c 

O — ' 

4-» <Q 
U 4J 
4/) 01 C 
0» ^ ^ 
0> 0) E 
<0 i/) a. 
^ o 
g ^ 

4J ^ 

a Q > 

^ o> 

k. -o 

0 ) o 

T3 4-» k. 

C O 

<T3 4-»w 
I— O 

^ s*; 

C n 
(p 0) 4Q 

k. f— 
VI *1- 
4-» £ ^ 
C 4-1 > 

I'i"’ 

e ^.5 

4J C 
V) O 4-» 

C f- c 

f- 1/4 0/ 

«/> E 

0) ‘O w 


.f S. 

o o «0 
•o 

•> «• 

f k- O 

>%vO 

u <VJ O w 

0^0 • o 

CJ ^ 


Oi 

3 4J 

cr*«- 

•r- £ v> 

C i- >> 
3 O <P 
*0 

6 k. O 
<P 
4-1 

vt CO w 

01 . o 

<M I— V*- 


£ 4/t 

<A k. >> iO 

»3 0>*0<0 *3 

o o c fco T3 at O 

• > 4/» 0^ » » > 

»WN>^ E «^k.O 

E >v 0> <P O e >>VD ^ E >» 0) 
4P 'V 3^ 'Q 

•oOC ^Ok-'T'-* 

MOO - OfO *0 0)«(t >0) 

Xm^k-cO Xl^'04- OcsjOOW 


at o 

» > 

3 » ^ N 

E >» 0) 


3 3 

O 

«. • > 
E k. N 
<t» >1 01 

4J -O 

V> CO 00 C 
g rs. .0) 
:> m *— c. 


£ V> £ v> 

k. >s U X 

o o <o ♦ O «P 

*0 <P CO TD 

<p ^ k. ♦ 

C£k-0 O - 

3 Jitf xf^ c e XvO 

4^ <P ^ 

k. CO CM 1-^ 0» O' k. 

0 0*0 •— CO • o 

Ct r— *ef <♦- UJ cP V- 


g 

• o; 

o v» 


•> k. 
0) E X 
C M 
0> CO 
k. OS • 

— . r*'. 00 


e-j 

^3 cn 


in CM 
O <3 » • 

•-• m o 


* •• 

U 

E > 






<p ->« 

♦*“ 1 




•— 

cx k. k. 

c 

O 




• 

1 

asV 1 

g 


O 1 


Cs 1 

X <P P> 

PI 

PI k. 


3 03 


cn 

g 

k. • g 

P PI 

Q-On vs 


g 


• g 

4-» P» 4-» 


5t 

»M 



• PI 

PI <V> PI 

o 

•> •> P) 


m Pi 

X C 

o 

UJ o> 


•• 

k. vs 

£ VI 

O 


E k. vs 

kJ 

VI 

3 

vs 

*T“ 


> — 

•P 


>» 

p) «• 


«» 

^ >» 

g 

— 

O £ O 


4*- 



k. 

E 

c « e 

PI 

E 

<v. e 

U u 

«— 

O PI 



o 


O ^ 

c ^ 

«p 

■p o o 



c c c 

«P 

£ 




Cfl 

• 

o 

4-> -O 

•** 

ro . 

ps 


O 3 0» 

4-> 

>>4-» 

1 


ca. 

rs. 

00 

cn o> 

k/> r*‘ ^ 

u. 

us CO 

f— 

CS-* m 


v> <p 

M. -o 

k. **- 
Ip 0) p 
0.£ w 


£ •— E 

k- «— 5 

O <P W 
3 'f- 
1. O' 

V o> ^ 

£ 4-» 
p; 4-> 

»— 3 

£ C VI 
ip •*» 0^ 

^ k. 

H- 4-» 

(D C V> 

% MS 


4-1 

g CM 

cn 

k. 

o 

I 

g 


x_, 

CP 1 


1 

g 

<p •* 

g g 
x^ 
£ 1 
CXvP U 

kT 

IP x_ 

*r* ” 

P CM I 

•' 1 

PI CO 

k. Os 

=D 

P 

«* 


» g 

PI 

cn 

PI 

» i/i 

Ip . PI 

k. cn vs 


cn g 

•i ^ 

1— 

o ^ 

k. 

k. 

cn 

A 

u 

os 


«> k. VI 

o 

£ E 

>s E 

S 


21 

O 

•— US 

>s e 

q • E 

£ r>^. ^ 

o 

£ f r- 

IP E >i 


O.^ 

o. 

«p ^ 

fM. 

. cn 

1 

s 


CP 

• o 

k > 

k- ^ E 

Ip rv ^ 

v> ^ 


m 

o *— 

c^* cO 

U. 1^ CM r- 

o. r*. f— 

fj. o- 

cn cjs 


I 


MOO kg 200-300 kg 200-300 kg 200-300 kg 

♦Bender (1977); mass in orbit for initial encounter = 5480 kg. 





improvements. Using Ion Drive, a large scientific payload, including possible multiple 
landers, can be delivered to a wider variety of asteroidal targets for rendezvous lasting 
several tens of days at each asteroid (Bender, 1977). In the case of asteroids with diam- 
eters >50 km, it would not only be desirable, but necessary, to orbit for the duration of 
the rendezvous. Orbital velocities would be ■vlOO m sec”' for a major asteroid under the 
encounter conditions described in the caption of Figure 1. Columns 4, 5 and 6 of Table 3 
show two of several example scenarios Identified by Bender (1977) which I consider to be 
especially attractive and which, in fact, are marginally compatible with the science de- 
sires stated above. The first of these involves an initial encounter with Vesta, a sub- 
sequent encounter with the large C object Fortune, and two encounters with S asteroids. 

The second orbits Ceres, a small C, a 75 km S, and a small M object. However, it does 
not encounter Vesta. The last orbits both Ceres and Vesta, although it does not orbit the 
latter until 1996. It also orbits a 46 km C object and a 75 km S object, but no M object 
is encountered. In the Bender scenario over 5000 kg is placed in orbit including '^•SOO kg 
of mass dedicated to orbital instruments and lander packages. This allows for several 
hard landers as well as a generous orbital payload, quite compatible with the example sug- 
gested in Table 2. It has been pointed out to the author that NASA is unlikely to commit 
to the development of an Ion Drive design quite as powerful as that assumed by Bender. 
Nonetheless, we are getting close. 

Despite the tremendous progress that has been made in defining candidate multi -ren- 
dezvous missions, none is yet completely satisfactory. For example, none of the multi- 
rendezvous missions identified by Bender encounter Vesta, a C object and an M object. 
Moreover, even with Ion Drive, a transfer from one asteroid to another still -equires 
about half a revolution (^-2 years), so these missions take an exceedingly long fme 
(>8 years) to complete. Finally, there is no specific provision yet for possible sample 
return. Some schemes for multiple asteroid sample return have been suggested but have 
not been the subject of detailed engineering stud’es. Even if such schemes are shown to 
be compatible with the Ion Drive payload, they should be carried out on an initial aster- 
oid mission only if they do not seriously compromise the ability of the initial mission to 
investigate 0) each of several carefully selected asteroids as (2) global or planetary 
entities. This seems unlikely. 

The impressive array of multi -rendezvous missions identified by Bender is, in fact, 
also the result of a very preliminary and limited survey which was conducted under a 
rather constraining set of rules. For one thing, it was assumed that the encounter with 
either Ceres or Vesta had to be the first encounter. Also, the payload mass at first en- 
counter was optimized, which is not necessary. Besides simply continuing the search, the 
effect of altering these and other constraints should be investigated. The compatibility 
of an initial spacecraft investigation of an Apollo asteroid with studies of those in the 
main belt should also be studied. A dual launch mission with nonredundant targets also 
seems a very attractive option. Finally, the possibility of encountering a Trojan aster- 
oid at the termination of the mission should be considered. In any event. Table 3 shows 
at a glance that dramatic progress has been made, and that the simultaneous maturation of 
our knowledge of the asteroids from Earth-based optical measurements together with vast 
simultaneous improvements in anticipated delivery capabilities has brought us to the 
threshold of the definition of a viable initial asteroid-dedicated mission. 
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DISCUSSION 

ARNOLD: I strongly agree that multiple encounters are essential to good science, and that 

long stay times are needed for the gamma-ray or x-ray sensing systems. Flybys are not 
attractive, especially for ganma-rays. I will discuss this point further in my paper 
in this afternoon's session. 

ANDERS: In our museums there are howardites that seem to match the spectrum of Vesta. 

Suppose the measurements on a rendezvous mission to Vesta show that there is a chem- 
ical resemblance between howardites and the surface of Vesta. Are we then to assume 
on the strength of this identification that everything we have ever learned about 
howardites now applies to Vesta? 

FANALE: No, you have to determine the chronology of differentiation independently for 

Vesta by looking at the cratering history of its surface. You would also want to know 
what the density is and if there is a density inversion. 

ANDERS: The age would be difficult to get because the cratering rate in the asteroid belt 

is much higher, which means the surface will be saturated. 
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FANALE; We are going to have to do a lot of thinking about the specifics. I think we 
have to establish the link between Vesta and the achondrites. Chemical mapping of 
Vesta can be accomplished and perhaps there are windows where you can see something 
about the zonal structure and understand something about the magmatic path that was 
followed In Its differentiation as well. 

CHAPMAN: If you place too much emphasis on unique targets, such as Ceres and Vesta, you ' 

might get no typical C or S objects. 

FANALE: You will almost certainly encounter a small one on the way. 

ARNOLD: If there have been highly differentiated bodies in the asteroid belt (Vesta seems i 
to be one clear example), one strongly suspects there are now pieces of highly evolved 
bodies. It can't be that all the Vestas are still Intact. In that case one would ! 

have the possibility of looking at a vertical section. 

FANALE: The most optimistic case for the chemical mapping of the very big asteroids is j 

the possibility of seeing some of these windows. For the very little ones there is a ’ ‘ 

possibility It will be totally In an erosional mode so you are not covered with a 
patina or any other dust. It is likely that we may not learn much about lateral vari- 
ations on the rock surfaces of the middle-size asteroids because of their regoliths. 
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There is a good chance that the two small satellites of Mars 
really are captured asteroids and as such may be representa- 
tive in many (but not all) ways of other small bodies in the 
asteroid belt. This paper discusses specific experiences 
from the study of Phobos and Deimos during the Viking mission 
and uses them to formulate three basic goals of any serious 
imaging study of asteroids. These are to obtain: (1) the 

highest possible resolution, (2) complete coverage of the 
surface, and (3) data over a wide range of phase angles. 


I. INTRODUCTION 

The recent investigations of the satellites of Mars by the Viking Orbiters provide 
some useful lessons on how to plan a detailed imaging study of an asteroid. After summa- 
rizing our current knowledge of the two asteroid-like moons of Mars, I will discuss three 
crucial requirements for any successful imaging study of asteroids: 

1. The need to obtain the highest possible resolution of the surface. 

2. The need for complete coverage of the surface. 

3. The advantages of imaging over a wide range of phase angles. 

These points are illustrated using specific experiences derived from the study of Phobos 
and Deimos during the Viking mission. 
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Phobos and Deimos in Surmary {of. , Veverka, 1978) 


Phobos and Deimos are small, very dark grey asteroid-like satellites. They have 
geometric albedos of about 0.06 in V and B-V colors of about +0.6 {i.e., they are grey). 
While both are irregular, their shapes can be approximated reasonably well by triaxial 
ellipsoids. Phobos is about 27 * 21 k ig km across; Deimos is about half as big: 

15 * 12 X 11 km. The two satellites have a similar shape; in each case the ratio of the 
longest to the shortest axis is about 1.4 to 1.0. The spin periods of both satellites are 
synchronous with their orbital periods, but it is interesting to note that the actual 
values are comparable to those of asteroids — 7*^39"’ for Phobos and 30^17'" for Deimos. 

Both satellites are heavily cratered and are completely covered with a regolith whose 
surface microtexture appears to be lunar-like, judging from its photometric, polarimetric 
and thermal inertia properties. On the -cale of several hundred meters, the surface of 
Phobos is homogeneous in albedo, but that of Deimos is not. Bright patches (some 30% 
brighter than the surroundings) are conspicuous on Deimos. The surface density of craters 
on both satellites is similar to that the lunar uplands suggesting that these may be 
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equilibrium surfaces. Using current models of the past cratering rates at the orbit of 
Mars, one can estimate that the surfaces are at least 2.5 to 3.0 hellion years old. The 
largest crater on Phobos, Stickney, Is about 10 km across. The largest known crater on 
Delmos Is about 3 km across. 

The most surprising discovery made by Viking Is that the surf?'<> of Phobos is covered 
by swarms of trough-like grooves which seem to be surface expressions of deep fractures 
within Phobos produced by the formation of Stickney. Grooves are not found on the surface 
of Delmos. In spite of the low surface gravity of the two bodies (g '' 10"^ g on Phobos, 
and about one-half less on Delmos), much ejecta-like material. Including coarse blocks tens 
of meters across, are evident on the surfaces— especially on Delmos. 

A recent mass determination for Phobos leads to a mean density of about 2 g/cm^. This 
low mean density, the low albedo, and the Ceres-like spectral reflectance curve of the 
satellite, suggest that Phobos Is made of a low density, water-rich material similar to 
that which makes up some carbonaceous chondrites. Information on the composition of Delmos 
is inconclusive. The data suggest that although Delmos is probably not identical In compo- 
sition to Phobos, It may also be made of some sort of carbonaceous material. A mass deter- 
mination by Viking Orbiter 2 suggests that the mean density of Deimos is similar to that of 
Phobos, but the determination is very uncertain since we do not know the volume of Delmos 
very well (see below). 

The probable low density, water-rich carbonaceous chondrite composition of Phobos 
(and Deimos?) suggests that they may have formed in the asteroid belt and were captured by 
Mars during a comparatively early stage of its accretion (when Mars was still surrounded 
by an extensive primitive atmosphere) or were perhaps captured collisionally. Thus there 
appears to be a good chance that the satellites of Mars really are captured asteroids and 
as such are representative in many (but not all) ways of other small objects that we may 
encounter in the asteroid belt. 


II. THE NEED TO OBTAIN THE HIGHEST P0SS'b,.L RESOLUTION 

The Viking experience in studying Phobos and Deimos provides numerous examples of the 
need to obtain the highest possible resolution imagery of asteroid-si7ed bodies. 


Diaoovery of Grooves on Phobos: Their Morphology and Age 

While Mariner 9 resolution (several hundred meters) was adequate to show the irregular 
shape and the heavily cratered surface of Phobos, it took resolution of better than 50 m to 
discover that the surface of the inner satellite is crossed with grooves (Figure 1). At 
moderate resolution (-v-AO m), the linear features--or grooves--appeared to fall into two 
distinct categories, first called "striations" and "crater chains" by Veverka and Duxoury 
(1977). The "striations" seemed to be trough-like depressions, while in many cases the 
"crater chains" seemed to show similarities to the "herringbone" pattern of secondary crater 
chains on the Moon (Figure 2), Still higher resolution imagery (<15 m) was needed to make 
it clear that there is essentially only one type of linear feature, or groove, although 
some of the grooves have been modified to various degrees by other processes. At the high- 
est resolution achieved on Phobos (5 m) the simplest grooves appear to be fault-like troughs 
(Figure 3), although local segments are often modified by pitting and have a beaded appear- 
ance (Figure 4). Significantly, at these highest resolutions none of the grooves looks like 
a chain of impact craters. Even the "herringbone" patterns suspected in Figure 2 are ulti- 
mately resolved into beaded troughs (Figure 5) which bear no resemblance to chains of sec- 
ondary craters. 
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Fig. 2. Enlarged segment of Frame 039B84, showing apparent clusters of irreg- 
ular depressions arranged in herringbone patterns '=uggestive of secondary 
effects. 


From a detailed study of the morphology of the grooves, Thomas et at. (1977) conclude 
that they are probably surface expressions of internal fractures--fractures which as we 
will see below (Section III) appear to be intimately connected with the formation of 
Stickney, the largest crater on Phobos (f/. , Figure 12). This study of groove morphology 
using the highest resolution imagery available (5-i5 m) established the following facts: 
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a. Grooves are typically 100-200 m wide and 10-20 m deep. 

b. They are largest and best developed in the neighborhood of 
Stickney and taper out toward the point antipodal to Stickney 
(Figure 12). Some of the grooves near Stickney are 700 m 
wide and several hundred meters deep. 

c. Many groove segments are modified by pitting (Figure 4) and 
have a beaded appearance. 

d. A few segments may have slightly raised rims (Figure b). 

e. At the highest resolution available, no groove segment has the 
appearance of a chain of impact craters. 
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Fig. 3. Closo-up of Phobos groovos obtalnod by Viking 
Orbitor 1 during February 1*177. Range ■ 137 km. The pic- 
ture is about 3 km across arui shows detail as small as 
about S km. The triplet of large craters is the same as 
that in figure 2 (Frame 2-T4A08). 


The pitting and the possible raised rims can be explained in teniis of a molification 
of the grooves by internal processes. Veverka rt ,j7. (1*177) suggest that the l.nge impact 
which oroduced Stickney not only cracked Phobos, producirg the grooves, but heated up por- 
tions of the interfur enough to outg.is some water vapor. It should be recalleil that the 
low albedo, the spectral reflectance curve, and the mean density of Phobos suggest th.it the 
satellite is made of a mateiial similar to water-rich low-density carbonaceous chondrite 
material (Veverka. 1*178). By raising the temperature locally to slightly more than ■I00“k 
during the foniiation of Stickney, water vapor should be driven oft. It is likely that this 
vapor will tend to come out along fractures, possibly accounting for tlie pitting and the 
possible raised rims on some of the grooves (Veverka, 1*178). 

Very high resolution imagery has also made it possible to estimate the age of the 
grooves by counting small impact craters within them. In this way Thomas ot .i.‘. (1*1/7) 
find that the grooves are probably at least 3 Ai old and thus cannot be attributed to any 
recent event, such as :he tidal stretching of Phobos by Mars. This mechanism, proposed by 
Soter and Harris (1977) should have been tmist effective during the past hundred million 
years (Pollack. 19/7). Thus, the old age of the g»'ooves is inconsistent with a tidal ori- 
gin. but is consistent with an origin associated with the formation of Stickney (Thomas 
Ota/., 1978). 








Fig. 4. Portion of Viking Orbiter 1 Frame 246A05 taken from 
a range of about 260 km. Note the conspicuous pitting of 
the grooves. The grooves are typically 100-200 m wide. 




ORIGINAL PAGE IP 
OF POOR QUALI'l’Y 


Fig. 5. Viking Orbiter 1 image of Phobos taken from a 
range of b30 km. The triplet of craters shown in 
Figures ? and 3 is seen at center top. Note the differ- 
ent appearance of the groove just below the crater trip- 
let in the three views. Raised rims are visible on some 
of the craters at top (Frame 243A71). 


of Phobos from a range of 440 km at a phase angle 11' 
^s. showing possible raised rims, are seen on the limb 
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Evidence of Small-Scale Surface Inhomogeneities on Phobos 

Wh'le the surface of Phobos is generally homogeneous both in texture and in albedo on 
lateral ..ales of several hundred meters (Noland and Veverka, 1977a), higher resolution 
imaf’^-y does reveal several interesting localized anomalies. For example, at large phase 
c"l..s, many craters show prominent dark markings on their floors (Figure 7), which have 
teen interpreted as deposits of impact melt (Section IV). Also, in the vicinity of Stickney 
there occurs a pitch (about 3 '< 6 km across) of hummocky material whose origin is at pres- 
ent unclear, but which could represent some type of ejecta associated with the formation 
of Stickney. 
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Fig. 8. View of Phobos from about 160 km obtained by Viking 
Orbiter 1. Note the dark layer in the crater wall at top. 
The frame is about 3 km across (Frame 244A03). 


Layering Within Crater Walls on Phobos 


One of the highest resolution pictures of Phobos (-v5 m) shows an oblique view of a 
crater wall which contains evidence of layering (Figure 8). A dark layer, about 50 m 
thick and some 150-200 m below the surface, demonstrates that there are at least shallow 
inhomogeneities with depth and may provide evidence for a very deep regolith. Similar 
evidence should be looked for on asteroids. An effective resolution of better than 10 m 
is needed. 






Fig. 9. Viking Orbiter 2 close-up of Deimos from a range of 
about 60 km. The picture is about 1.3 km across. The smalles 
visible detail is about 2-3 m. Note the conspicuous dark halo 
crater near top center (Frame 423B61). 


Dark Halo Craters 

Another noteworthy discovery made using the highest resolution imagery is that very 
small (d = 10-20 m) dark halo craters appear to be common on both Phobos and Oeimos 
(Figure 9). These craters appear to be similar to their lunar and martian counterparts. 
Their ubiquitous presence on very different bodies suggests that they may not involve the 
excavation of dark, subsurface material, as has been proposed in the lunar context, but 
may instead be attributable to certain characteristics of the impacting body {e.g. ■, com- 
position, high velocity, etc.) 



i 



ORIGINAL PAGL IS 
OF POOR QUALi rV 



Fig. 10. Viking Orbiter 2 mosaic of Deimos from a range of 60 km. Each frame is aoout 
1.3 km across. Two different enhancements are shown (Frames 4^JB61-63). 


Blocks a*:d Kji’cta Deposits on Doirnos 


Low resolution images (100-200 m resolution) show that the surface of Oeimos has 
bright patches, and that, compared to Phobos, Deimos appears to be very smooth. The latter 
observation remained a puzzle for a long time inasmuch as crater counts indicated that 
Phobos and Oeimos have equal surface densities of impact craters. The very high resolu- 
tion images (resolution about 3 m) obtained by Viking Orbiter 2 in October 1077 have re- 
solved this puzzle and have provided convincing information as to the nature of the bright 
patches (Fig,;re 10). 


The bright patches appear to be deposits of fine-grained ejecta which, in many cases 
partially fill craters on Deimos--thus accounting for the relatively smooth appearance of 
the outer satellite. (Similar bright patches do not occur on Phobos, and there is less 
evidence of craters being filled in by ejecta.) 


The high resolution images also show that the surface of Deimos is littered with 
numerous isolated, roughly equidiinensional positive reliet features (typical ly vio m in 
size) which have the characteristics of ejecta blocks. Mow so much ejecta is retained on 
such a small satellite, and why the process seems to be so much more etticient on Deimos 
than on Phobos, remain unresolved puzzles. 


The high resolution images also show a new, and as yet unexplained surface teatuie. 
bright streak-like markings behind positive relief features such as crater rims and blocks. 
These markings appear to be concentrations of fine-grained ejecta, and it is conceivable 
that they may be analogous to certain deposits formed by near surface 
in some parts of the lunar surface, but it must be admitted that the 
is not very close. 


flows that are seen 
detailed resemblance 
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Fig. 11. Old sketch map of the distribution 
of grooves on Phobos based on incomplete sur- 
face covenige (from Veverka and Ouxbury, 
1977). Compare with Figure 12. 



III. THE NEED FOR COMPLETE COVERAGE AT HIGH RESOLUTION 

One of the crucial requirements is tiiut complete coverage of Lhe surface be obtained 
at the highest possible resolution. Complete coverage of the surface is needed to look 
tor global patterns and to search for regional anomalies. For all missions, the angle of 
the subsolar latitude determines the extent of the surface that is illuminated. Given the 
short rotation periods of most asteroids, full covei^age at a useful resolution could be 
realized even for a flyby mission. Rendezvous missions offer an opportunity for higher 
resolutions with complete coverage. 

The Viking investigation of Phobos provides a striking example of the need to have 
global coverage in order to understand important phenomena on small bodies. As soon as 
the enigmatic grooves were discovered, many possible explanations were proposed. At first 
the coverage of Phobos at the resolution needed to see grooves was very limited (Veverka 
and Duxbury, 1977) and it was impossible to determine the true distribution of the grooves 
on the surface of Phobos, or their possible connection with other major topographic fea- 
tures. One early and clever suggestion by Soter and Harris (1977)--that the grooves are 
fractures due to martian tides--was consistent with the then available infoimation 
(Figure 11). However, as soon as more complete high resolution coverage was obtained, it 
became evident, from the pattern of the grooves and from their intimate association with 
the crater Stickney (Figure 12), that the grooves could not be due to martian tides but 
were probably expressions of fractures associated with the formation of Stickrey (Thomas 
et al. , 1978) . 

As far as regional variations are concerned, none were found on Phobos (other than 
that in the distribution of grooves). Specifically, there are no significant variations 
in the surface density of impact craters; thus no large-scale cratering or spallation 
event has occurred in "recent" times. The entire surface of Phobos, like that of the 
lunar uplands, has reached an equilibrium state in terms of cratering. 

Complete surface coverage is also needed to derive an accurate density from a mass 
determination. For irregular objects such as Phobos, Deimos, or nost asteroids, accurate 
volumes can only be determined by imaging all of the surface. There is no reliable way of 
extrapolating beyond the limb. In the case of Phobos, for which our surface coverage is 
essentially complete, the current uncertainty in the volume is still comparable (about 
±10%) to the uncertainty in the mass determination. While further analysis will improve 
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Fig. 12. Sketch map of Phobos showing the location of the grooves 
and of the largest crater, Stickney. Stippled areas represent 
hummocky topography within grooves (after Thomas et al. , 1978). 

our knowledge of the volume, accurately determining the volume of an irregular object is 
still a difficult problem, even when essentially complete coverage of the surface exists. 

In the case of Deimos, Viking has imaged only about 50% of the surface, and the volume re- 
mains very uncertain. Thus while we know the mass of Deimos about as well as that of 
Phobos, we cannot determine the mean density of the outer satellite reliably until more 
extensive coverage of its surface is obtained. 

The incomplete coverage of Deimos not only plagues attempts to determine the density, 
but also makes it difficult to resolve some other important questions. For exampi", we 
now know that there are no grooves on Deimos. Why'’ One possible i ulanation is .hat there 
is no crater large enough (say >5 km) on Deimos to have fractured ■ satellite. While we 
know that there is no crater larger than about 3 km on the part of Deimos that has been 
imaged, it is important to show that there is no much larger crater on the remainder of 
the surface. 
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Fig. 13. Viking Orbiter 1 view of Phobos at a phase 
angle of 14°. The conspicuous bright rings around many 
of the craters probably represent areas of unusually 
intricate texture. Range = 370 km (Frame 250A14). 


IV. ADVANTAGFS OF IMA'' ,.o OVER A LARGE RANGE OF PHASE ANGLES 

While the optimum phase angle for studying surface morphology (craters, grooves, 
blocks, etc.) is close to 90°, much significant information about surface texture can be 
obtained by imaging over a wide range of phase angles. From such data it is possible to 
construct phase curves for various parts of the surface and search for textural differences 
It is possible to determine whether the regolith is laterally homogeneous, and whether or 
not there are extensive exposures of bare, uncomminuted rock. For example, in the case of 
Phobos, Noland and Veverka (1977a) used such data (obtained by Mariner 9) to show that the 
regolith on the inner satellite is essentially homogeneous in texture on scales of several 
hundred meters. 

Recent high resolution Viking images show that significant differences in surface tex- 
ture do occur over smaller distances on Phobos. For exc.nple, near opposition (phase angle 
a - 10°), narrow bright rings are seen around many of the craters (Figure 13). At low 
phase angles these features are about S-lOX brighter than their surroundings; but they are 
inconspicuous at larger phase angles. They are best explained as regions of circumcrater 
ejecta whose texture is rougher than that of the surroundings. 


Fig. 14. Viking Orbiter 2 view of Deimos 
from a range of 1000 km. The resolution is 
about 50 m. Note the absence of grooves 
and the conspicuous bright markings 
(Frame 428B60). 
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Phase angle coverage allows one to distinguish differences in albedo effects from 
differences in phase function effects. That is. one can determine uhy a certain region 
appears brighter than another under a given illumination geometry. Is it because the 
material is intrinsically brighter (i.e. , nas a higher normal reflectance), or is it be- 
cause it has a different phase functioti [i.e. , a different texture or surface roughness)? 
Two interesting examples can be given: 

a. By constructing relative phase curves Noland and Veverka (1977b) 
proved that the conspicuous "bright" material on Deimos (Figure 14) 
actually has a normal reflectance about 30-; higher than the sur- 
roundings, but has a comparable texture (since its phase function 
is essentially identical to that of its surroundings). 

b. By a similar procedure, Goguen et al. (1977) have demonstrated 
that the "ultra-dark" material which is conspicuous on the floors 
of many Phobos craters at large phase angles (Figure 7), appears 
darker (contrast -x-lOO';, near a = 90") because it has a steeper 
phase curve [i.e., is much rougher) than its surroundings, and 
not because it has a significantly lower normal reflectance. 

Goguen et al. found that the normal reflectance of the "dark" 
material differs by less than 10‘o from that of the surroundings. 

Its coarse texture and its location on the bottoms of craters is 
consistent with its being solidified impact melt which, judging 
from terrestrial experiments, often has a coarse, vesicular 
texture. 
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DISCUSSION 

MATSON: How would you describe the blocks on Deimos? Do they te.id to lie on their sides 

or to stand on their ends? 

VEVERKA: We have looked at the block height versus block width distribution on Deimos and 
what is interesting about this is that if the blocks were equidimensional then the data 
suggest that they are buried in something. Typical blocks are like 10 m or so in di- 
mension. 

MORRISON: Do you want to say anything about which of these kinds of features or les-ons 

apply most directly to asteroids? As you pointed out, asteroids have a somewhat dif- 
ferent environment. 

VEVERKA: In the next session, ! am going to talk about imaging objectives and their impor- 

tance. The best answer to your question is that you are reaii^ -^ot smart enough to 
know what you are going to see on asteroid surfaces. That should be the lesson of 
these two objects. In neither case were we able to anticipate what we should see at 
high resolution and the two objects are really very different. Therefore, we should 
not pretend we can predict what will be seen on any particular asteroid and we must 
plan our strategy so we can taxe advantage of whatever is there. That involves doing 
the best you can to get high resolution, complete surface coverage, and complete phase 
angle coverage. I left color measurements out of this discussion for a number of rea- 
sons. In the case of Deimos, the bright patches, to our 5* sensitivity, don't really 
have colors different from the surroundings. I am sure they do have smaller color dif- 
ferences and that would be interesting information. If we had only global or hemi- 
spheric measurements, we would probably think that Deimos is very homogeneous, but when 
you get there you do notice these albedo difrerences. 

CHAPMAN: This is entirely right. One does not want to view these ooservations as saying 
"let's think about whether we will see grooves on asteroids, etc." If we had Earth- 
based observations ot Phobos and Deimos similar to those we have of asteroids (we 
don't because of their closeness to Mars), wp would have concluded a number of things 
about these objects having to do with composition, for instance, but not with geology. 
Then, we go there and look at them and find features that are mysterious, unexpected 
and different between the two bodies. These features will cause people to think about 
these bodies in a way they have never been thought of before. Ultimately, this just 
proves once again that at least as much is going to come from serendipity as can be 
anticipated and planned for in advance. I think similar comments could probaoly be 
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made about other scientific methodologies and not just imagery. We may think we know 
all the questions to address. We may think we have theories that explain what aster- 
oids are all about. But we have never had the intelligence to really know for sure 
what we are going to find when we go to a planet or a small body. This is an important 
lesson. 

MORRISON: This is perhaps saying the same thing. Once we have spacecraft data from other 

planets, we deal with a who’e universe of quc^ions we never would have asked from the 
ground. We have less data on individual asteroids now tha.i we had on Mars or Met cury 
or Jupiter before the first missions to these planets. Surely the same dramatic widen- 
ing of our perspective will apply to an asteroid mission. 

SHOEMAKER: I hope no one in this room thinks that because we have seen the beautiful pic- 

tures of Phobos and Deimos, we now know what asteroids look like. There are some very 
important differences in the environments of Phobos and Deimos ard the environments of 
the asteroids. 

VEVERKA: Once we actually look at several comparable size objects, I think there will be 

a whole host of investigations to be done relating observations to differences in en- 
vironments, composition, etc. 1 think we will learn a lot of things from that. 

WETHERILL: I agree w.uh what others have said. You have no idea before you go there what 

you are going to find. One great advantage of imaging is that it allows vou to get 
answers to questions you didn't know enough to ask in advance. Imaging ..-finitely 
isn't just for public relations. But I think it is worthwhile to make predictions be- 
fore a mission. It was shocking that so m^ny people were surprised by craters on Mars. 
And even after finding craters on Mars, I remember arguing with some members of the 
Mariner 1C imaging teams about whether there would be craters on Mercury. Some of 
these people were convinced there would not be craters on Mercury because Mercury was 
too far from the asteroid belt. 

SHOEMAKER: It is necessary not only to think aCout what will be discovered and to try to 

make predictions, but also to take time to find out what others have predicted. There 
is a prophetic statement in Opik's 1951 paper on Mars-crossing asteroids to the effect 
that it would be worthwhile looking for craters on Mars.' Unfortunately, only a few of 
the predictions in the literature are as well-grounded. 
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ASTEROID MISSION ALTERNATIVES 


JOHN C. NIEHOFF 

Science Applications, Inc. 
Schaumburg, Illinois 60195 


Six missions are reviewed which cover the three basic asteroid 
mission concepts: flyby, rendezvous, and sample return, to a 

variety of objects including Apollos, Amors, main belt members, 
and Trojans. Mission characteristics and propulsion require- 
ments of each example are provided along with illustrations of 
flight profiles. A detailed argument is presented for rendez- 
vous encounter as the best alternative for "exploration" level 
investigation. Assumption of this encounter option leads to 
the choice of multi -asteroid rendezvous as the best concept 
option for early mission exploration of asteroids. The propul- 
sion requirements of multi -rendezvous point to the need for the 
timely development of low-thrust performance capability for 
NASA's continued solar system exploration program. It is shown 
that a minimum solar electric propulsion system of 25 kw with 
array concentrators is needed to perform multiple rendezvous 
missions of more than two asteroids. This same system is more 
than adequate for sample return missions as well. A brief dis- 
cussion of rendezvous maneuvers demonstrates the utility of 
orbits for objects greater than 10 km in diameter. An encounter 
strategy is proposed which features adaptability and flexibility; 
this strategy requires low propulsion expenditure and only basic 
a priori target information. It is concluded that continued 
mission and systems analyses can bring us to a high state of 
flight project readiness by the mid-1980's. 


INTRODUCTION 

NASA-directed studies of asteroid missions have been performed almost since the 
agency was formed. Initial results, obtained as early as 1963 by IIT Research Institute 
(Anon., 1964) dealt principally with flyby missions to the well-known objects, e.g., 

Ceres, Vesta, Eros, and Icarus. As both analytical capability and propulsion technology 
evolved, more difficult concepts began to receive consideration, e.g., rendezvous and 
sample return, with some studies including various forms of low-thrust propulsion. By 
1972 mission analysts had generated a substantial base of data on requirements for mis- 
sions to specific asteroids, e.g., Northrop Services, Inc. (Anon., 1972). 

Perhaps the earliest serious consideration of the importance of asteroid missions to 
solar system exploration by the science community occurred during the 12th Colloquium of 
the lAU, entitled Physical Studies of the Minor Planets, held in Tucson, Arizona in March 
1971 (Gehrels, ed., 1971). It became apparent during the course of this meeting, particu- 
larly owing to a paper by Anders (1971), that serious planning of an asteroid mission 
would be premature at that time. This position was strongly supported by two important 
facts: (1) our state of knowledge about asteroids was based on limited data about several 

larger or close-approaching objects while the potential for much better information through 
continued dedicated ground-based observations was very high; and (2) mission concepts to 
date had concentrated on single well-known targets, which seemed to offer a return of in- 
formation that was comparatively small, in comparison with the vastly more complex goal of 
asteroid exploration. Consequently, during the decade of the 1970‘s, asteroids continued 
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to be studied from the Earth, rather than by missions, and rightly so. Out of this re- 
search has emerged an impressive systematic cataloging of asteroid characteristics in the 
form of the TRIAD data file (Zellner, 1978). 

Mission concepts also improved. Specifically, analysis of multi-target concepts, 
introduced initially by Brooks and Hampshire II (1972) and subsequently analyzed by Bender 
and Friedlander (1975) and others, have shown that several objects (up to six or seven) ^ 

can be encountered on a single mission, greatly enhancing its potential science return. ' 

The purpose of this paper is to present a brief , aview of recent progress in asteroid mis- 
sion analysis, and to present arguments for a preferred concept for early exploration of ^ 

the asteroids. The asteroid targets discussed include Apollos, Amors, main belt objects, 
and the Trojans. Mission concepts reviewed include fast and slow flybys, rendezvous, and 
sample return. Both single and multiple target examples are cited. Propulsion require- 
ments of both ballistic and solar electric low-thrust flight modes are included in the 
mission examples examined. Mission concepts and associated characteristics are presented 
first by way of typical example summaries, followed by rationale and supporting arguments 
for selection of the multi-asteroid rendezvous mission concept for early flight explora- 
tion. The paper concludes with a brief discussion of rendezvous strategies capable of 
global and detailed investigations of individual bodies in the presence of the small but 
not insignificant asteroid gravity fields. 1 
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Fig. 1. Asteroid mission opportunity frequency. 
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ASTEROID MISSION CONCEPTS 

Missions t> .he asteroids, like all other interplanetary flights from the Earth, are 
constrained to periodic launch opportunities. Although it is theoretically possible to 
launch an asteroid mission almost any time, owing to the large number of available tar- 
gets, missions to specific objects have specific launch opportunities, spaced in time by 
their synodic period with the Earth. Each object's synodic period is controlled by the 
semimajor axis (a) of its orbit about the Sun. A plot of synodic period (relative to the 
Earth) versus semimajor axis is presented in Figure 1. The average opportunity interval 
(t.e. , synodic period) of Mercury, Venus, Mars, and Jupiter are shown in the plot as open 
circles. Various asteroids from the Apollo 1976UA (a = 0.83 AU) to the Trojan Hector 
(a = 5.15 AU) are also presented in the plot, as solid dots. It is readily apparent from 
this presentation that missions to all asteroids beyond Mars can be undertaken with a fre- 
quency of less than once every two years; main belt missions have an opportunity frequency 
averaging once every 16.5 months. Only those objects which have orbits approaching 1 AU 
(the Earth's orbit) exhibit increasingly longer gaps between direct ballistic opportuni- 
ties, owing to the low relative motion between themselves and the Earth. These objects 
are primarily the Apollos and some of the closer Amors. The longest interval shown on 
Figure 1 is for the Apollo 1976AA (a = 0.97), 19.1 years. It should be noted, however, 
that whereas objects which are accessible on intervals less than every two years exhibit 
launch windows of approximately a month, objects such as 1976AA which are accessible only 
once in a great while remain accessible for many months (perhaps even more than a year) 
when their opportunities do occur. One final point on mission opportunities to bear in 
mind is that the flight requirements (t.e. , launch energy, flight time, and payload per- 
formance) can be highly variable from one opportunity to the next because of the eccen- 
tricity and inclination of asteroid orbits. Hence, even though mission oppctunities re- 
cur on average every 16.5 months or so, favorable opportunities occur with less frequency; 
specific examples will be cited below. 


Six asteroid mission concepts will be discussed as a means of demonstrating the char- 
acteristics which are available to the mission planner for the development of flight ex- 
ploration strategies. The identifying features of each of these missions are summarized 
in Table 1. As can be seen, this mission set includes near-Earth, main belt, and Trojan 
asteroid targets. Both ballistic and low-thrust flight modes are represented. Four 
single missions are included--two rendezvous and two sample return missions; and two 
multi-target missions will be discussed--one flyby concept and one rendezvous concept. 

All of these missions could be accomplished with current technologies, although certain 
hardware elements required for some of the missions have, as yet, not oeen developed. 

Each of these six examples is presented individually in the following subsections. 


T'’ble 1. Asteroid Missions 


Asteroid 

Flight Mode 


Mission Concept^ 

Object Class 

Ballistic Low-Thrust 

Flyby 

Rendezvous Sample Return 

Apollo 

Amor 

Main Belt 
Main Belt 
Main Belt 
Trojan 

X 

X 

X 

X 

X 

X 

M 

S 

S 

M 

S 

S 

^S: single target; 

M: multiple targets 
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An Apollo Result' 3 voup I'lission j 

The first example is a ballistic rendezvous mission to the Apollo asteroid 1976AA. 

1976AA was discovered two years ago (Shoemake*' and Helin. 1978). It is the first asteroid 
found with a semimajor axis less than the Earth's (0.97 AU). 1976AA‘s orbit, with a peri- 
helion of 0.74 AU and an aphelion of 1.14 AU, crosses the Earth. Its orbital period is i 

about 347 days. Hence it moves slightly faster about the Sun than the Earth, passing it 
once every 19 years (note the synodic period of 1976AA in Figure 1). The next window of 
favorable rendezvous opportunities to 1976AA occurs between 1991-93 (Bender, 1976). 

’■‘e close proximity of 1976AA to the Earth was immediately recognized as a potentially j 
attractive situation for flight exploration. The asteroid's high orbit inclination of more 
than 19‘\ however, was soon realized to be a mitigating factor against low-energy missions. 

Both unmanned and manned ballistic round-trip missions to 1976AA have been studied (Niehoff, 
1977) and both possibilities were found to require multiple Shuttle launches. Yet more ' 

practical one-wa/ ballistic rendezvous missions to 1976AA are ; ssible. An example of such 
a mission is illustrated in Figure 2 with a July 1992 launch date. The Earth's orbit is 
shown as dots in the figure, with the ecliptic projection of 1976AA's orbit shown as dashes. 

The heliocentric transfer ‘‘■■'m Earth to 1976AA is represented by the solid arc marked with 
arrows. A flight time of , days is required. Note that the spacecraft would never be 
more than 0.15 AU away from the Earth during the entire transfer to the asteroid. A ren- 
dezvous payload of more than 500 kg could be managed with a Shuttle/IUS(Twin)/Spinner launch ■ 
system. This would place approximately 100 kg of science instrumentation at rendezvous with 
1976AA. By comparison, this mission has approximately the same level of performance diffi- 
culty as the Galileo mission, but is accomplished in a much shorter period of time. 





On the order of at least 400 Apollo asteroids equal to or larger than 1976AA are 
thought to exist (Shoemaker and Helin, 1978). If additional objects from this set can be 
found with lower inclinations than 1976AA, not only will short-time ballistic rendezvous 
missions be possible, but low-energy short-trip time sample return options can also be 
considered. 


An Amor Sample Return Nieaion 

This example is a low-energy ballistic sample return mission to Anteros. This aster- 
oid, discovered in 1973, is a Mars-crosser with a perihelion of 1.06 AU and an aphelion 
almost in the main belt at 1.80 AU. Its low inclination of 8.7“ contributes significantly 
to low-energy characteristics o! this mission, depicted in Figure 3. Again the dotted or- 
bit is that of the Earth and the dashed orbit is that of Anteros. The outbound and return 
transfers are shown as solid arcs marked with arrows. Launch is in May 1992 with arrival 
in August 1993. After a stay time of almost six months, departure on the homeward leg is 
begun in February 1994. The sample is returned to Earth in May 1995, almost three years 
after launch. A non-propulsive payload design of 780 kg was chosen for the performance 
analysis of this mission. It includes a 250 kg interplanetary bus (used both outbound and 
returning), a 150 kg encounter science payload, a 350 kg lander, a sample acquisition and 
retrieval system, a 29 kg Earth reentry capsule, and a 1 kg sample. If space-storable pro- 
pulsion can be used for all the large post-launch maneuvers, then the entire mission module 
(■'-1700 kg witn propulsion) can be launched wi*h a single Shuttle/ lUS(Twin) system. This 
launch capability results from the low post-launch impulse budget required, which is less 
than 3 km/sec. The total energy demands of this sample return are less than that of the 
Galileo mission. 


MAY i6, 1992 
AUGUST 20. 1993 
177 PAYS 

FEBRUARY 14, 1994 
HAY 14. 1995 


Fig. 3. 1992 Anteros sample return mission. 
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Although the energy required is low, the flight time of three years is comparable to 
that required for a Mars sample return mission. The stay time alone at Anteros, in this 
example, is comparable to the flight time of the rendezvous mission to 1976AA presented 
above. In general, low-energy flight times are proportional to the 3/2's power of the 
semimajor axis of the object, so that sample return missions require increasingly longer 
times, the deeper the asteroid belt is penetrated, to reach a desired target. This situ- 
ation is alleviated somewhat by shorter stay times (Earth is more favorably placed at 
arrival for immediate departure) of objects in the main belt, and by low-thrust propulsion, 
but trip times will not decrease for more remote objects. 

The rather high eccentricity (e = 0.26) of Anteros, combined with its period of 625 
days, results in variable mission energy requirements from one opportunitjf to the next. 

With a synodic period of very nearly 2.4 years this behavior is cyclical over a period of 
five opportunities, or 12 years. In other words, the low-energy sample return examples 
to Anteros presented above occur only once every 12 years, even though four additional 
launch opportunities occur during this interval. As it turns out, one of these oppor- 
tunities occurs with Anteros properly situated in its orbit for a fast one-year sample 
return mission but the energy requirements are very high. Such mission variability with 
opportunity is typical of asteroids with eccentric orbits. Additional characteristics of 
Anteros missions can be found in a recent paper by Niehoff (1977). 


A Main Belt Multi-Flyby Mission 

Multi -targeted asteroid flyby missions were introduced by Brooks and Hampshire II 
(1972) as a means of expanding flyby information return for essentially the simple addition 
of a propulsion system comparable to that of a planetary orbiter. This concept is described 
generally as a series of several ballistic main belt fly-throughs during which small amounts 
of propulsion are expended at appropriate points along the trajectory to sequentially ac- 
quire targets of opportunity. While there is no way of knowing a priori any more than the 
first target (usually selected to start the search procedure), enough targets present them- 
selves during the course of generating such a mission that some selection is possible. The 
multi-flyby example selected for discussion here was generated as part of a larger unpub- 
lished study at Science Applications, Inc., which specified a priori that this particular 
mission encounter Ceres, at least one M class (metallic) object, and as many other objects 
as possible. The mission was further constrained to begin during the 1984 launch window 
for Ceres. The ecliptic trajectory projection of the resulting mission is presented in 
Figure 4. It consists of two passes through the main belt separated by a reencounter of 
the Earth, and includes six asteroid flybys. Launch occurs in August 1984 and Ceres (the 
first target) is encountered in May 1985. No low-energy targets of opportunity were found 
between Earth and Ceres. An impulse of 390 m/sec is applied shortly after the Ceres flyby 
enabling an encounter with Philosophic a year later in June 1986. Another impulse of 
565 m/sec is applied shortly afttr Philosophia flyby to reencounter the Earth in July 1987. 
The Earth's gravity assist along wHh a 315 m/sec impulse is used to reshape the second 
main belt fly- through to encounter the M-type object Bathilde in May 1988. One target of 
opportunity. Harvard, was subsequently found before the Bathilde flyby and two more, 
Massevitch and Liguria, were found after Bathilde but still on the same orbit revolution. 

An additional 465 m/sec was needed to add tnese targets. Liguria, the final flyby, occurs 
in May 1989, 4.8 years after launch. 

The energy requirements of this example are the lowest of the six mission concepts 
presented. The post-launch impulse requirement is 1735 m/sec plus navigation maneuvers. 

A 500 kg spacecraft carrying 100 kg of science instruments would require an additional 
800 kg of post-launch propulsion to perform this mission. The total injected mass of 
1300 kg is easily accommodated by a ShuttIe/lUS(Twin) system at the required injection 
energy (C3) of 54 km^/sec^. Note the flyby speeds given in Figure 4, which vary from a 
low of 5.3 km/sec at Philosophia to a high of 12.4 km/sec at Liguria. 
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MISSION CHARACTERISTICS 
SHUnLE/IUS(TNIN) 

LAUNCH AUG 84 

CERES FLYBY (10.1 KPS) HAY 85 

PHILOSCPHIA FLYBY (S.3 KPS)... JUN 86 

EARTH SWIN6BY (8.2 KPS) JUL 87 

HARVARD FLYBY (6.7 KPS) FEB 88 

BATHILOE FLYBY (8.5 KPS) HAY 88 

HASSEVITCH FLYBY (5.4 KPS).... NOV 88 

LIGURIA FLYBY (12.4 KPS) HAY 89 

TOTAL TRIP TIHE 4.8 YRS 

HISSION MODULE SOO KG 



Fig. 4. 1984 multi-asteroid flyby mission. 


This example has two encounters on the first fly-through and four on the second. 

Three encounters per fly-through are usually experienced in generating multi-flyby mission 
concepts, so we have here some indication of the variability in number of encounters pos- 
sible per pass, although the encounters still average three per pass. Multi-flyby 
missions can theoretically be launched anytime. However, if a single specific main belt 
first target is desired, as was the case here, launch opportunities will occur only once 
every 16-17 months with some variability experienced in launch energy, and hence maximum 
payload, regardless of the subsequent targets. 
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A Main Belt Multi-Rendezvous Mieeion 

This next example capitalizes on the potential advantage of multiple encounters by 
attaining rendezvous conditions at each target instead of high-speed flybys. Not only do 
the spacecraft instruments have more than three orders of magnitude more time to study 
each object, but lighting conditions are controllable, distances remain constant, and sur- 
face probes can be deployed with reasonably small expenditures of energy, if desired. The 
penalty for this added capability is much higher energy requirements and longer total mis- 
sion time. The mul ti- rendezvous mission is, in fact, the most difficult mission to per- 
form of the six examples presented, and requires an advanced low-thrust propulsion system 
to meet the post-launch maneuver requirements. 

The example chosen for discussion is a five-target mission that was generated by 
Bender (1977). Its ecliptic flight profile is depicted in Figure 5. As before, the dot- 
ted orbit is that of the Earth, and the solid arcs marked with arrows are the helioce" 'c 
transfers between targets. The dashed arcs indicate the periods of rendezvous (stay 
with each target. This time is typically set at 90 days per target, but is slightly long- 
er at the first target, Vesta (112 days) for performance reasons. Two differences are 
immediately apparent compared to the multi-flyby profile (Figure 4). First, once the 
flight path reaches the asteroid belt it stays there. Second, the arcs, and hence flight 
times, between targets are longer. This is a necessary result of reducing the encounter 
speed at each target to zero for rendezvous, and directly increases total trip time. The 
five-target example shown in Figure 5 has a 1987 launch and requires almost nine years to 
complete if the stay time at Klytaemnestra is added to its May 1996 arrival date. The 
energy-efficient spiral character of the flight path was possible in this example because 
the four asteroids encountered after Vesta were targets of opportunity. If specific tar- 
gets are desired, less efficient flight profiles are likely to occur, which could result 
in fewer target', being accessible within perfonnance capabilities. 


KLYTAEMNESTRA ARRIVAL 


DEPARTURE ASOT"^ 
ARRIVAL 


MISSION CHARACTERISTICS 

SHUTTLE/ IUS(TVIN)/I0N DRIVE (60 KW) 

LAUNCH OCTOBER 3. 1987 

VESTA ARRIVAL HAY 14, 1989 

ASIA ARRIVAL APRIL Z6, 1991 

CAMPANIA ARRIVAL FEBRUARY 15, 1993 

PSYCHE ARRIVAL OCTOBER 7. 1994 

KLYTAEMNESTRA ARRIVAL HAY 31, 1996 

STAY TINES 90 TO IIZ DAYS 

TRIP TIME 8.7 YEARS 

\ MISSION MODULE 500 KG 

\\ SURFACE PROBES 75 KG PER ASTEROID 


CAMPANIA ^ 
ARRIVAL X 

\ 

DEPARTURE 


VESTA* 

ARRIVAL 


"^DEPARTURE 


. DEPARTURE 


» PSYCHE 

arrival 


Fig. 5. 1987 mult, asteroid rendezvous mission. 
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A 500 kg, non-propul si ve mission moJule carrying 100 kg of science was assumed for 
determining the performance requirements of this example. A further allowance of 75 kg 
per target was added to permit the deployment of a penet.rator at each of the five aster- 
oids, as well as 100 kg of mercury propel. ant for low-thrust station-keeping/orbital ma- 
neuvers. With these payload assumptions the mission requires a 60 kw Ion Drive low-thrust 
propulsion system similar to that recently designed by the Jet Propulsion Laboratory (Anon., 
1977) for a Halley Rendezvous mission. The payload and this low-thrust system can be 
launched with the Shuttle/IUS{Twin) . 

Launch opportunity characteristics are --imilar to those for the multi-flyby mission 
discussed above. The average time between rendezvous encounters, in this example, is 
1.5 years, which is typical for main belt objects. Hence, each inter-asteroid transfer 
and encounter is similar to an inner planet mission in time and operations. The benefit 
of the mul ti -rendezvous mission is, therefore, not so much in savings in time as it is in 
savings in hardware costs, since only one system is employed to explore many targets. 
Additional information on the tradeoff between number of targets, propulsion requirements, 
and flight time is given in the next section, which presents a rationale for why the multi- 
rendezvous mission concept should be the baseline approach to flight exploration of the 
asteroids. 


A Main Belt Sample Return Mission 

This example, a sample return mission to a main belt asteroid, is presented for sev- 
eral reasons. First, main belt sample return is a very probable element of any comprehen- 
sive asteroid exploration strategy. Second, sample return from main belt asteroids is 
considerably more difficult than from well-placed Apollos or Amors (such as Anteros dis- 
cussed earlier), an important point relevant to olanning exploration strategies. 



^ VESTA ARRIVAL 
\ 

W DEPARTURE 


5>iLQ.A CHARACTER ISTICS 
SHUTTIE/IUS(TW1N)/SEP(Z1 KH) 

LAUNCH JUNE ZS, 1990 

VESTA ARRIVAL HAY ZS, 199Z 

STAY TIME 30 DAYS 

VESTA DEPARTURE JUNE Z4, 199Z 

REENTRY DECEMBER Z7. 1993 

SAMPLE SIZE 1 KG 


VESTA'S 

ORBIT 


Fig. 6. 1990 Vesta sample return mission. 
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The specific example chosen for Illustration of requirements and characteristics Is 
a 1990 Vesta sample return. The heliocentric flight profile Is presented In Figure 6. 
Launch takes place In June 1990. A low-thrust Interplanetary transfer delivers the sample 
return mission module to Vesta almost two years later In May 1992. A short stay time of 
30 days Is assumed for sample acquisition on the presumption that the target has already 
been explored by a precursor rendezvous mission. The same low-thrust system begins a 
spiral departure of Vesta In June 1992. The 1.5-year return trajectory reencounters 
the Earth In December 1993 where the sample capsule Is released on a direct reentry flight 
path for surface recovery. The total mission time for this example Is 3.5 years, which Is 
typical for missions of this kind. 

Payload assumptions for a performance analysis of this mission are similar to those 
assumed for the Anteros ballistic sample return discussed above. An interplanetary mis- 
sion module of 400 kg Is needed, together with the low-thrust propulsion system. Encounter 
operations. Including initial orbit capture, descent, sample acquisition, ascent, and ren- 
dezvous with the waiting interplanetary low-thrust system and mission module are handled 
by a 495 kg lander/ascent/rendezvous (LAP.) module. The final hardware system needed is 
the sample reentry capsule budgeted at 30 kg Including a 1 kg sample. The 30-day stay time 
Is divided into four segments: (1) a three-day approach phase terminated with impulsive 

Capture of the entire system using LAP propulsion into a low circular orbit; (2) one week 
of orbital reconnaissance for site selection; (3) one week for descent, acquisition, and 
delivery of the sample by the LAP to the w'lting Interplanetary spacecraft; and (4) low- 
thrust spiral escape from Vesta in the remaining 13 days. 

A preliminary assessment of interplanetary flight options clearly showed that low- 
thrust propulsion is needed for main belt asteroid sample returns such as the Vesta example 
discussed. To perform this mission ballistically, even with optimistic energy and post- 
launch propulsion assumptions, would require four Shuttle launches. These launches would 
be used to assemble 11 lUS stages in orbit needed to inject the required payload (including 
post-launch propulsion) on a ballistic transfer trajectory to Vesta. By comparison, the 
low-thrust mission can be performed with a single Shuttle/IUS(Twin) launch. A 25 kw solar 
electric low-thrust propulsion module easily performs the interplanetary transfers. It 
should be noted that this system is considerably less advanced and less costly than the 
60 kw Ion Drive system used in the previous multi-asteroid rendezvous mission eximple. 

It follows that single main belt asteroid sample return missions are more easily performed 
than main belt multi -rendezvous missions, from a propulsion point of view. 


A Trojan Asteroid Fendezooua Miaeion 

The final example to be discussed is a rendezvous mission to a Trojan asteroid, cao- 
tured at one of the stable libration points of Jupiter. Launch opportuniti'.'S to the Tro- 
jans occur at 13 month intervals (see Hektor, Figure 1). Little, if any, r.lssion analysis 
has been performed on the Trojan asteroids. Therefore, the example presented here was 
selected to be representative of minimum requirements for Trojan rendezvous, to determine 
If ballistic flight performance is adequate for this class of asteroid m’ssions. 

The selected target is the Trojan asteroid Odysseus, which has the rather small orbit 
inclination of only 3.2°. Propulsion requirements were further minimr.ed, in the case 
examined, by selecting an optimum launch opportunity, t.e. , November 19G8. The ballistic 
flight profile is shown in Figure 7, using the same orbit profile formats as In the preced- 
ing examples. Rendezvous occurs In September 1991, almost three yea's after launch. 

It Is apparent from the energy requirements for this flight profile that this would 
be a difficult ballistic mission to perform, considerably more difficult than the 
Galileo mission, for example. Hence, the performance analysis was based on the full capa- 
bility of a Shuttle/IUS(Tw1n)/Sp1nner launch vehicle in order to determine maximum payload 
capability. Using a two-stage, high-energy, space-storable ret.'opropulsion system, the 
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Fig. 7. 1988 Odysseus rendezvous mission. 


maximum delivered rendezvous payload was found to be only 115 kg. Without exploring this 
example any further, two conclusions are apparent. First, even the most accessible Trojan 
asteroids will require low-thrust propulsion (or gravity-assisted trajectories) for ren- 
dezvous. Second, the likelihood of multi-rendezvous Trojan asteroid missions is doubtful 
in light of these energy requirements and the substantial differences in orbit inclina- 
tions of the larger known bodies. 


MULTI-ASTEROID RENDEZVOUS: PREFERRED EXPLORATION MODE 

The Committee on Planeta*'y and lunar Exploration l^OMPlEX) (Anci., 1976) has defined 
three levels of planetary investigation which are, in increasing order of comprehension 
and sophistication: (1) reconnaissance, (Z) exploration, and (3) intensive study. The 

detailed ground-based program of asteroid observations, currently in progress, is often 
cited as the reconnaissance phase of asteroid exploration. If this premise is correct, 
then initial flight projects should address "exoloration" level questions of asteroid in- 
vestigation. With this perspective in mind, an important question to be answered prior to 
the planning of asteroid exploration strategies is: "What is an appropriate mission con- 

cept to undertake 'exploration' level investigation of the asteroids?" 

Three mission concepts embrace the six asteroid mission examples just discussed: 
flyby, rendezvous, and sample return. The flyby concept can be further divided into two 
subconcepts, fast flyby and slow flyby. (Only the fast flyby concept has been discussed 
above, t.o., the ballistic multi-flyby main belt mission example.) There are, therefore. 
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four basic mission concepts for exploration level study of the asteroid. In planetary 
exploration strategies, the sample return concept is considered a part of intensive study. 
The preferred approach is to develop a broad base of "exploration" level knowledge with 
less costly one-way multi -targeted asteroid missions, then prc with sample return mis- 
sions to a few specific representative asteroids, 1r order to effectively pursue "inten- 
sive study" level obje. :ives of asteroid exploration. It should be noted, however, in the 
specific case of low-energy Apollo and Amor objects, it may be possible to combine ’explo- 
ration" and "intensive study" with multiple object sample returns. The practicality of 
such a hybrid approach will depend on additional discoveries of such low-energy objects as 
well as further engineering studies of mission requirements. 


The asMgnment of sample return to the "intensive study" level still leaves three 
basic mis>. !on concepts to choose from for "exploration" level investigations, i.e., fast 
flyby, slow flyby, and rendezvous. Assuming that all of these concepts are capable of 
carrying a comparable comprehensive science payload (on the order of 100 kg mass), then 
the effectiveness of each can be judged in terms of tnose payloads' encounter performance. 
Encounter performance will be assessed here by considering the capability (spatial resolu- 
tion and time) of a visual imaging experiment, the premise being that if imaging encounter 
capabilities are unsatisfactory, so also will be most, if not all, of the other remote 
sensing instruments. In other words, if an asteroid remote sensing payload cannot produce 
acceptable imaging science because of encounter conditions (primarily v'locity), it will 
not produce good science with its other instrumentation either. 
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Fig. 8. Spatial resolution. 
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Spatial resolution Is presented In Figure 8 as a function of distance for several 
effective angular resolutions. The purpose of presenting this graph is not to illustrate 
the relation between resolution and distance, which is straightforward and well understood, 
but tc use the plot to establish a boundary of productive imaging data for asteroids. The 
diameter of Ceres, "vlO* m, is noted near the top of the abscissa. Except for a few ottiers, 
most notably Vesta, the remaining asteroids are less than 2 ' 10*^ m diameter with main belt 
objects as small as 10‘' m being candidate mission targets based on ground-based observa- 
tional data currently being lOllected. From this perspective, it seems reasonable to assume 
that encounter imaging Inforiation would always be useful at resolutions greater than 10’ m, 
i.«,, resolvable picture elements an order of magnitude smaller than the smaller targets of 
Interest. This still leaves the lower limit of resolution at 1 km, certainly quite crude 
even by comparison with lower resolution planetary imaging capabilities. The limiting 
effective resolution of spacecraft imaging instruments, based on Viking orbiter and Voyager 
design, Is about 2 arcsec. Hence, for resolutions of better than 10-’ m, the instruii'ent 
must be within 10** km of the target as illustrated by the dashed lines in Figure 8. This 
then Is a suggested boundary on encounter distance. Perhaos more subjective, but just as 
important, is a secondary boundary; for distinguishing surface features on the encountered 
v'bjects. A suggested limit of 10- m as the coarsest useful resolution for these investi- 
gations yields an upper distance boundary of 10’ km. To summarize, assuming that the cur- 
rent planetary spacecraft imaging instruments represent an advanced state-of-the-ar*’ . as 
terold encounter distances must be within 10** km before acceptable data on size and shape 
can be safely assumed (presuming acceptable phase angle conditions) and within 10’ km be- 
fore useful data on surface features can be assumed. These values will now be used to 
evaluate the effectiveness of the three candidate "exploration" level mission concepts 
defined above. 

Asteroid encounter tradeoffs between flyby velocity and time within specified .-esolu- 
tion boundaries are presented in Figure 9. Flyby velocity is hown along the abscissa. 

Tima within resolution boundaries is given on the left ordinate in minutes, with solid 
curves for the two resolution boundaries defined above, 10* km .ind lO" km, plotted 

In the graph. For the purpose of computations an encounter of Cec-’S has been assumed with 
a closest approach of 100 km. The effect of assuming a smaller target will be mentioned 
In a moment. Consider first the fast flyby encounters. In the main belt multi-asteroi i 
flybv example discussed earlier (see Figure 4), a minimum flyby speed of 5.3 km/sec was 
noted for the second target, Philosophia. This value is not much above the theoretical 
minimuii. flyby speed of 4,5 km/sec for a main belt asteroid at a mean distance of 2.4 AU, 
encountered by a ballistic oplanar transfer from the Earth. The average flyby speed of 
ttie six encounters is 8 km/sec. The resulting times spent within the resolution boundaries 
for speeds of 5 and 8 km/sec, found in ‘^igure 9, are as follows: 


ries 1 


Flyby Speed 


Mini.:;um. 5 km/ sec 
Average, 8 km/ sec 


Resolution Bounda 


loOO km 10,000 km 


70 min 
45 min 


These times are, of course, maximum possible values. Image smear near closest approach, as 
well as unfavorable solar lighting geometry would reduce these times. For smaller objects 
the times within the boundaries (measured from the surface) would also be less. 

Typical asteroid rotation periods are 5-10 hr. Hence, to obtain full longitudinal 
coverage of asteroids with reiiote sensing spacecraft will require 5 hr (300 min) 

within acceptable resolution boundaries. A conservative value of 10 hr (600 min) seems 
more reasonable fci planning purposes (assuming the specific mission tangets do not have 
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Fig. 9. Asteroid encounter tradeoffs. 


known rotation rates before encounter), especially when the extent of possible rotation 
variations, lighting conditions, object size, and exposure/smear factors are all taken 
into account. Returning to Figure 9, it is found that the flyby speeds required to pro- 
vide 60C min within the boundaries of 10,000 km and 1,000 km are 0.58 km/sec and 0.08 km/ 
sec, respectively. These velocities are between one and two orders of magnitude slower 
than the average speed of the multi-flyby mission example presented in Figure 4. Fa^t 
flybys severely restrict the amount of useful data obtained. Hence, it can be concluded 
that only the slow flyby and rendezvous mission concepts are suitable candidates for 
"exploration" level asteroid investigation, where slow flyby refers to encounter velocities 
of less than 1 km/sec. 
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The key tradeoff which dictates the choice between slow flyby and rendezvous mission 
concepts for Initial asteroid flight exploration Is payload performance versus encounter 
time. The time difference between a 10 hr slow flyby encounter and a 30 day rendezvous Is 
a factor of 72. The question is: "What is the associated propulsion penalty for achiev- 

ing rendezvous instead of the easier slow flyby?" The answer to this question Is also 
given In Figure 9. Payload mass fraction is shown along the right-hand abscissa as a 
function of flyby speed, where flyby speed in this case Is the speed after a propulsive 
maneuver Is perform^, assuming that the Initial speed (i.,;. , unbraked encounter speed) 
is 8 km/sec--the average flyby speed of the multi-flyby mission example discussed earlier. 

Two dashed curves are shown relating braked flyby speed to payload mass fraction: (1) a 

space-storable chemical propulsion curve assuming impulsive braking, and (2) a solar elec- 
tric propulsion curve assuming gradual low-thrust braking. It is apparent that solar 
electric propulsion Is favored for reducing flyby speeds by more than a few kilometers 
per second, owliuj to its superior specific impulse. Of even more significance is the fact 
that the additional performance penalty to bring the encounter speed to zero, i.e. , ren- 
dezvous, is almost negligible. Hence, the tradeoff between payload performance and en- 
counter time strongly favors rendezvous over slow flyby, assuming the use of low-thrust 
propulsion. It is concluded that multi-asteroid rendezvous is the preferred mission con- 
cept for "exploration" level asteroid Investigation. 

A preliminary perfom«nce sunmary in terms of required injected mass versus number of 
I rendezvous targets, prepared by Friedlander {1978), is presented in Figure 10. A 40 kw Ion 
Drive interplanetary low-thrust propulsion system and a 500 kg mission module (^.100 kg 
science payload) is assumed. Injected mass is given along the ordinate and number of tar- 
gets is shown along the abscissa. The lower curve assumes just the mission module payload 
which is carried from target- to- target. The upper curve assumes an additional 100 kg snail 
lander system (c.j. , penetrator), is dropped at each target. The dashed line across the plot 



Fig. 10, Capability of advanced solar electric 
propulsion for multiple asteroid rendezvous missions. 
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shows the maximum injected mass which can be launched by a Shuttle/IUS{Twin) vehicle at 
the typical via viva injection e.?ergy requirement. Up to eight targets can be encountered 
without landers, and up to six targets reached with small landers, without exceeding single 
launch Shuttle capability. Because of certain simplifying assumptions, these preliminary 
results represent upper limits on number of targets. Also, it should be noted that typi- 
cally 1.5 years of flight time is required to reach each target. Hence, an eight-target 
mission would have a trip time from launch to the final target of 12 years. The impact of 
such long endeavors needs to be assessed both in terms of reliability and planning of sci- 
ence investigator participation. 

The results shown in Figure 10 are derived for a 40 kw Ion Drive low-thrust system 
with solar array concentrators, a design considerably advanced over early low-thrust devel- 
opment plans. Using a less advanced 25 kw design, still with concentrators, would decrease 
the number of targets to three or four. Further decreasing the design to a 25 kw system 
without concentration, representative of current SEP technology, would decrease the number 
of targets to only two. Hence, the potential exploration capability of the multi-asteroid 
rendezvous concept very much depends upon the level of low-thrust performance available at 
the time such missions are to be implemented. 




4 Mi 


ill 






RENDEZVOUS OPERATION CONSIDERATIONS 

A few remarks on maneuver strategies during rendezvous should be made since the ef- 
fects of asteroid gravity fields are different from those encountered in planetary experi- 
ence. The gravity of asteroids larger than 10 km in diameter is greater than that usually 
assumed for comet nuclei. Hence, station-keeping rendezvous strategies typically assumed 
for comet rendezvous missions can be very costly at asteroids larger than 10 km, particu- 
larly when close approaches (<100 km) are desired. The preferred alternative is to orbit 
these objects, just as is done on planetary rendezvous missions. 

Orbital periods (ordinate) a-e presented as a function of orbit altitude (abscissa) in 
Figure 11 for four size (diameter) asteroids: 1, 10, 100 and 1000 km, assuming a mean den- 

sity of 3 g/cm^. Two-body equations of motion dictate that all spherical bodies of equal 
density have the same orbital periods at zero altitude, i.e., 1.9 hr. However, as altitude 
increases the associated orbital periods about smaller bodies increases more rapidly than 
for larger bodies. This characteristic is evident in Figure 11. Hence, at 10 km altitude 
the orbital period about the largest asteroid Ceres ('>-1000 km diameter) is still only 1.9 hr, 
wnereas for a 1 km object it is 180 hr (from Figure 11). At 100 km altitude the Ceres or- 
biter would still have a short period of only 2.5 hr, whereas a 1 km asteroid orbiter would 
have an extremely long period of 5400 hr (225 days). In fact, a 1 km asteroid at a mean 
solar distance of 2.75 A'J would have a sphere-of-influence of only 100 km. 

Given the orbital characteristics just described, what should the encounter strategy 
be for a first remote sensing payload? Many possibilities exist. One attractive scenario, 
which is sequentially phased in three steps from broad global reconnaissance to very de- 
tailed study, goes as follows: 

Step 1: Slowly approach the asteroid from a rest position beginning 

at the order of 50,000 km. During this time (^3 days) con- 
tinue processing low-resolution imaging to determine object 
size, shape, rotation rate, and polar axis. 

Step 2: Establish a polar observation orbit with a period at least 

several times longer than the asteroid rotation period for 
global medium resolution coverage. 

Step 3; When global coverage is complete transfer to a low altitude 
circular orbit which is nearly resonant with the rotating 
object so that sites of specific interest can be studied 
repetitively in detail. 
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Three examples of this rendezvous maneuver strategy are summarized In Table 2 for 
three large asteroids; Fortune, Urania, and Vesta. Global coverage orbit altitudes near 
800 km were chosen to provide 100 m Imaging resolution. Minimum coverage times for these 
objects varied from 1-4 weeks. Resonant low altitude orbits of less than 70 km provide 
resolutions of better than 8 m with the same camera system. Note also the small amount 
of Impulsive aV which would be required to establish these orbits, the most being 141 m/ 
sec for Vesta. Hence, these orbits can be established In a short period of time with the 
low-thrust inter-asteroid propulsion system, or even with a small auxiliary chemical pro- 
pulsion system. If preferred. In summary, an adaptive orbital sensing strategy Is sug- 
gested for asteroid rendezvous payloads which offers considerable investigation flexibil- 
ity at minimum propulsion cost. 


Table 2. Asteroid Rendezvous Profile Example 


Asteroids 


Fortune 

Urania 

Vesta 

Class Object 

C 

S 

U 

Diameter (km) 

215 

91 

538 

Rotation Period (hr) 

7.5 

13.6 

10.6 

Initial Orbit Altitude for Global Mapping (km)^ 

800 

800 

829 

Initial Orbit Period (hr) 

48.6 

176.8 

15.5 

Minimum Global Mapping Time (days)^ 

6.1 

7.4 

29.7 

Final Orbit Altitude for Detailed Studies (km)^ 

61 

36 

66 

Final Orbit Period (hr) 

3.7 

4.6 

2.6 

Final Orbit Rate: Rotation Rate Resonance 

2:1 

3:1 

4:1 

Equivalent Total aV for Orbit Capture (m/sec) 

52 

21 

141 

^These data presented for 250 imi focal length camera with a 
120 urad per line pair resolution; mapping resolutions are 
lutions are _<8 m. 

49 mrad field-of- 
<100 m, detailed 

■view and 
studies reso- 
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DISCUSSION 

CHAPMAN: Does the 500 kg mission module for the Anteros sample return mission include some 

science instruments? 

NIEHOFF: Yes, there is a separate lander vehicle that actually does the acquisition and 

which has some surface scimre. There is also an allowance of 50 kg for remote sens- 
ing instruments. 

VFVERKA: What is the typical aV for a multi-asteroid flyby mission? 

NIEHOFF: In the 1994 mission shown it is 1700 m/sec. This is the AV after Earth escape, 
making this mission easier than Galileo. 

VEVERKA: I am confused between the two Ion Drives. Is the conventional one the same as 
the one currently being discussed for a possible Comet Encke or Tempel 2 mission? 

NIEHOFF: Yes. Twenty-five kilowatts is enough to do Encke or Tempel 2 rendezvous. 

WETHERILL: Is there anything essentially difficult about going to the 60 kw instead of 
25 kw? Is it just a matter of making it bigger or does the cost go up enormously? 

MORRISON: There are some engineering changes with the larger system. One tries for 

higher efficiencies and that costs extra. For example, the solar concentrator for 
the 25 kw system is simpler, a factor of two instead of a factor of four. 

FANALE: I would like to make two conments. One is that the example you gave of imaging 
is very useful. However, if you did the same exercise for other instruments which 
have wider f ields-of-view, it is even more devastating. My second comment is that it 
is not just the resolution that we are concerned with. We mentioned briefly global 
coverage that you get only if you watch the asteroid rotate. You also want variations 
in the Sun-spacecraft-object geometry for photopolarimetry , radiometry and fields and 
particles experiments. I agree the resolution is a basic thing but there are other 
important things as well, all of which argue for the advantages of rendezvous. 
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ARNOLD: Usually on missions like uiis, the gamma-ray spectrometer is the critical item 

as far as time is concerned and I am delighted to have other people also wanting to 
be around for a long i,Ime. For the gamma-ray spectrometer, and for the x-ray system 
as well, one really needs to be pretty close. The angular field is typically 30°, 
which means in your description of the asteroid encounter, the time spent at 100 km 
from the object is very interesting. Being 800 km away is not. Many things I came 
here to argue for from one point of view are surfacing as useful from other points of 
view and it sounds as if a stay time on the order of 60 days is realistic. 

NIEHOFF: The reason for that higher orbit was to get a quick global map. It would prob- 
ably take much longer and be a much bigger burden on the imaging system if the initial 
map were done at closer range. 

ARNOLD: I think if you tried to picture yourself in that room planning the sequence of 

steps, having that quick map would be very, very valuable before you started trying 
to think what you were going to do next. 

NIEHOFF: One thing I didn't mention was that we are in the process of doing an analysis 

of gravity mapping with Doppler tracking and the initial results look encouraging. 

No separate instrument may be necessary to get the mass distribution. 

ARNOLD: There is a distinction, which is important to me, between orbiting and station- 

keeping. I would surely think of orbiting Ceres or any really big object. I would 
want to get into a polar orbit and look at the whole thing. At smaller objects you 
do not orbit, but you would try to go to say six or eight close points and hold a 
position. Where does the transition between these operational modes occur? 

FANALE: I indicated that station-keeping is easier than orbit-keeping except for the big 

ones which have a surface escape velocity of more than 100 m/sec. 

ARNOLD: What diameter is that roughly, do you recall? 

NIEHOFF: Orbits are possible around asteroids which are surprising small, maybe less than 

10 km. As an additional point, for a very small object (less than 10 km), the surface 
weight of a lander would be measured in grams, not in kilograms; this is an important 
operational problem for sampling. 
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f EARTH- APPROACHING ASTEROIDS AS TARGETS FOR EXPLORATION 
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Primary goals for the exploration of Earth-approaching asteroids will 
be to determine their chemical and mineralogical composition and espe- 
cially to determine their structure. Objects derived from the main 
asteroid belt are likely to be fragments of larger bodies. As such 
they would provide direct evidence on the internal structure, processes, 
and history of the larger parent asteroids. Nonvolatile cores of ex- 
tinct comets, on the other hand, may yield the most direct evidence 
obtainable concerning the early stages of accretion of solid matter in 
the solar system, specifically in the outer part of the system. Return 
of samples would be essential to develop and decipher this evidence. 

Study of unmanned missions shows that between 5% and 10% of the Earth- 
approaching asteroids can be reached by low aV ballistic trajectories 
(aV from low Earth orbit less than the 6.4 km/sec required for rendez- 
vous with Mars). Two of the best candidates, from the trajectory 
standpoint, are 1977VA and 1943 Anteros. Both of these are Amor as- 
teroids. Rendezvous is achieved near aphelion, and the minimum impulse 
required for sample return to Earth is very low— of the order of 1 km/ 
sec. Because impulses for landing and escape from these small aster- 
oids are of the order of 1 m/sec, many landings could be made to visit 
and sample different parts of an asteroid in the course of a single 
mission. An aggressive astronomical search for more near-Earth aster- 
oids will undoubtedly yield many more promising candidates for this 
type of exploration. Development of the Space Shuttle opens the pos- 
sibility of an exploration program wherein a single spacecraft could 
make repeated round-trips between the Earth and different low aV 
asteroids. 

The discovery of 1976AA (a = 0.97, e = 0.18, i = 19°) indicates ‘.nat 
a few asteroids exist which are very close neighbors of the Earth. 

The extreme near-Earth objects are Amors and Earth-crossers with semi- 
major axes near 1 AU that have acquired small e and i as a consequence 
of repeated close encounters with the Earth. Typically, these objects 
would be accessible by low missions of 6 months or a year duration. 
Manned missions to explore such bodies are technically feasible by 
utilizing the capabilities of the Space Shuttle. Roughly about 1% of 
the Earth-approaching asteroids may be sufficiently close neighbors 
of the Earth to be considered candidates for manned missions based on 
7-10 Shuttle launches. The discovery rate for Earth-crossers would 
have to be increased by a factor of about five, however, in order to 
achieve a high expectancy of finding a suitable target within 10 years. 
The primary tasks of exploration of Earth-approaching asteroids are 
well suited to the capabilities of properly trained astronaut-scientists. 


245 


' M '^*31 ^ 


J 


J 


I 





l .::^!'^..:-j '■:! .... 


INTRODUCTION 

The primary goals for the exploration of near-Earth asteroids (including those bodies 
which are extinct comets) would be to determine their structure, the diversity of chemical 
and mineralogical composition of individual bodies, the processes of accretion and subse- 
quent metamorphism or magmatic differentiation of these bodies, and especially the history 
of these processes. Objects derived from the main asteroid belt are likely to be frag- 
ments of larger bodies. As such they would provide direct evidence on the internal struc- 
ture, processes, and history of the larger parent asteroids. The stony cores or other non 
volatile residua of extinct comets, on the other hand, may yield the most direct evidence 
obtainable concerning the early stages of accretion of solid matter in the solar system, 
specifically in the outer part of the system. Return of samples will be essential to de- 
velop and decipher much of this evidence. 

The Earth-approaching asteroids are especially attractive for exploration because of 
several favorable conditions. First, some of the Earth-approaching asteroids are the eas- 
iest bodies beyond the Moon to reach. Secondly, with the possible exception of a few ac- 
tive comet nuclei, some are the smallest bodies discovered in the solar system. Because 
of their small size, t‘‘ay have very low escape velocities, of the order of 1 m/sec. This 
has two important consequences for exploration: 

1. On account of the low escape velocities, regoliths on their sur- 
faces should be very thin to locally absent. Sufficient bedrock 
should be exposed, in crater walls and elsewhere, to determine 
the structure of these objects from a combination of remote and 
on site observations and samples. It is of interest, in this 
regard, that infrared radiometric observations of Betulia sug- 
gest that it has a rocky surface, unlike that of larger main 
belt asteroids (Lebofsky et at., 1978). 

2. Because of the low escape velocities, landing and escape from 
surfaces of these asteroids requires almost negligible propul- 
sion. Landing is roughly comparable to docking with another 
spacecraft, and it should be possible to achieve landing by means 
of relatively simple engineering design features. 

Third, on the basis o^ dynamical considerations and existing physical observations, many 
different kinds of bodies appear to be represented among the near-Earth asteroids. In 
particular, it seems likely that they include many extinct comets. 

It has been argued that, because a large number of meteorites that are presumed to be 
samples of asteroids are already available for study, missions to retrieve samples from 
asteroids are unnecessary. Most of what is known about very early conditions and events 
in the history of the solar system has, indeed, been learned from meteorites. As impor- 
tant as the meteorites are, however, every one of them is a sample out of context. Until 
asteroids are actually explored and sampled directly, the reconstruction of the parent 
bodies whence nreteorites have come will remain speculative. This limitation of knowledge 
about the parent bodies, in turn, places severe restraints on our understanding of meteor- 
ites and on the relationship of the meteorites to one another. Celestial mechanics and 
the processes of meteoroid entry into Earth's atmosphere are efficient filters, moreover, 
and it is clear that meteorites are not a representative set of samples of solid material 
in near-Earth space. 

What are the fragile objects that disintegrate in the Earth's atmosphere? Do we ac- 
tually have samples among the meteorites of the nonvolatile parts of comets? What is the 
structure of a comet nucleus or of the nonvolatile parts of the nucleus? What is the 
structure of a small primitive asteroid? Is it an aggregate of aggregates of solid ob- 
jects accumulated during accretion? What is the size of the component parts? What is the 
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diversity of constituents In such a body? The answers to these questions can only be 
obtained by direct exploration. Global surveying of individual bodies, combined with 
multiple returned samples, is required to obtain definitive answers to questions such as 
those. 


UNMANNED MISSIONS 

The accessibility of near-Earth asteroids for exploration by spacecraft c n be ex- 
pressed by the aV required for rendezvous, or, in the case of sample return or manned 
exploration, the combined aV for rendezvous and return to Earth. Detailed studies of out- 
bound and return trajectories are required for precise determination of the aV for any 
mission. But a convenient approximate estimate of the minimum possible aV may be obtained 
from the following figure of merit, F 

F « Ul + U^ (1) 

where Ui is the impulse required to inject a spacecraft into a transfer trajectory from 
low Earth orbit to the orbit of the asteroid, and Ur is the impulse required for rendez- 
vous with the asteroid. For simplicity of calculation, both Ul and Ur are normalized to 
the Earth's orbital speed and are, therefore, dimensionless. Low aV trajectories are 
achieved by rendezvous near aphelion or perihelion of the asteroid orbit. Minimum aV mis- 
sions to Amors and Apollos (where Apollo asteroids are formally defined as having a > 1 AU) 
are achieved by rendezvous at aphelion. The transfer orbit of the spacecraft is taken to 
be tangent to the orbit of the Earth at perihelion and tangent to the orbit of the aster- 
oid at aphelion. In order to achieve rendezvous under these ideal conditions the asteroid 
would have to arrive at aphelion at precisely the right time. In actual missions, the 
asteroid is almost never at the ideal position, so that real aVs to rendezvous are always 
somewhat larger than calculated here for the ideal case. 

It is assumed that, in the average case, half the plane change is accomplished at 
injection into the transfer orbit and half at rendezvous. In the case where the argument 
of perihelion is 0, and neglecting the finite eccentricity of the Earth's orbit, Ul is 
then given by 


U 


L 


yu|-rrr- Uo 


( 2 ) 


where S is the normalized speed of escape from Earth, Uq is the normalized orbital speed 
at low Earth orbit, and 



where Q is the aphelion distance of asteroid normalized to semimajor axis of the Earth, 
and i is the inclination of asteroid orbit. The solution for U{ is obtained from the 
equation for the encounter speed of an object in eccentric orbit with an object in circu- 
lar orbit (Opik, 1951). A term could be added in the computation of Ut for the eccentric- 
ity of the Earth's orbit, but the correction is less than U in F for all known cuses. 

The impulse at rendezvous, Ur, is given by 


u„ . Jnl - 2U^U^ CO, i * uj 


(4) 
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( 6 ) 


a is the semimajor axis of asteroid normalized to semimajor axis of the Earth, and e is 
the eccentricity of the asteroid, and for Apollo asteroids. 



Q * ^ ■ Q /ft 


(7) 



and ^ Q ■ a ■ Q /q 2 


For 1976AA-type asteroids (a <} AU), minimum aV missions are achieved by rendezvous 
at perihelion. However, short duration missions are achieved by rendezvous at aphelion. 

The nominal strategy adopted for rendezvous at aphelion with 1976AA-type asteroids is some- 
what different than that used for rendezvous with Amors and Apollos. The semimajor axis of 
the transfer orbit of the spacecraft is held at 1 AU and is tangent at aphelion with the 
orbit of the asteroid. This decreases the rendezvous impulse, Ur, at the expense of a 
minor increase in U|_; the perihelion of the spacecraft orbit no longer corresponds to the 
point of injection into the transfer trajectory. Equations (2), (4) and (8) apply, and 
the solutions for Ut and U,- now become 


U2 = 2-2 /2Q - Q2 cos j (9) 

U2 = I - 1 - I (10) 


The figure of merit obtained by means of these equations is compared with the actual 
aV to rendezvous with eight low aV objects in Figure 1. The equation 

aV = (30F + 0.5) km/sec (11) 

yields the actual aV for optimum missions within a few tenths of km/sec precision. (Orbit' 
al speed of the Earth is 30 km/sec). 

Cumulative frequency distributions of F are shown for Amors in Figure 2 and for 
Apollos in Figure 3. About 30T of the Amors have figures of merit comparable to or lower 
than that of Mars. About 75" of the Amors have lower figures of merit than "typical" main 
belt asteroids. (F for a typical main belt asteroid shown in Figures 4 and 5 was computed 
on the basis of a = 2.5, e = 0.15, and i = 15°. ) The cumulative frequency distribution of 
F for Apollos is displaced toward slightly higher values with respect to the cumulative 
distribution of F for Amors. About 60* of the Apollos are easier to reach than "typical" 
main belt asteroids. 
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Fig. 1. Coriw'atlon of figure of merit with 
minimum aV for optimum low aV missions. 
Minimum AVs are from Arnold and Duke (19/7) 
and from Bender (personal communication, 
1977). 
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The most favorable known asteroids for low aV missions are Anteros and the recently 
discovered Amor asteroid 1977VA. Both of these asteroids are easier to reach than Mars, 
Anteros by a significant margin. Eros, 1960UA, Ivar, and 1972RB all have favorable fig- 
ures of merit, close to that of Mars. The Apollo asteroid 1959LM has a figure of merit 
similar to that of Anteros, but the orbit of 1959LH is poorly determined and it is lost. 
Another Apollo, PLS 6743, also has a very low figure of merit and is lost. 

A characteristic of special importance about rendezvous missions at aohelion with low 
aV Amors and Apollos is that the rendezvous impulse is very low, typically of the order of 
1 km/sec and, in some cases, less. Under optimum conditions, the departure impulse for 
return to Earth is about the same as the rendezvous impulse. Hence, missions can be found 
where the sum of rendezvous and departure impulses required for sample return is in the 
range of 2-3 km/sec. In this respect, low aV Earth-approaching asteroids are substantially 
mere accessible than typical nain belt asteroids, where the sum of rendezvous and departure 
impulses is in the range of 5-6 km/sec or higher. As shewn by Niehoff (1977), a simple 
ballistic sample return mission to Anteros is well within the injection capability of a 
single Space Tug. 

Developmient of the Space Shuttle opens the possibility of an entirely new type of 
exploration program. A single spacecraft could make repeated round-trips between Earth 
orbit and different low aV asteroids. Propulsion for such a spacecraft could be provided 
either by conventional rocket engines or by low-thrust (ion) engines. Samples could be 
retrieved from the spacecraft in Earth orbit by means of the Shuttle, where the spacecraft 
itself could be refurbished with new sample containers and propellant for either conven- 
tional or additional ion engines. A nominal single mission to each asteroid should include 
detailed visual, spectrophotometric , and chemical mapping of its surface, determination of 
its mass ana density, and multiple landings, at sites selected from this mapping, with on- 
site measurements and recovery of samples. Rotation of the asteroid would have to be 
determined from visual mapping to permit the maneuvers required for landing. 
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Fig. 2. Cumulative frequency distribution of figure of merit for rendez- 
vous with Amor asteroids at aphelion. 
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Fig. .3. Cumulative frequency distribution of figure of merit for rendezvous with 
Apollo asteroids at aphelion. 
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Fig. 4. Cumulative frequency distribution of figure of merit for rendezvous with Amor 
asteroids at perihelion. 
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Fig. 5. Cumulative frequency distribution of figure of merit for rendezvous with Apollo 
asteroids at perihelion. 
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A broad range of compositional types has already been Identified among the favorable 
low aV asteroids. An initial program, for example, might include missions to ^960UA 
(possible C type), Ivar (S type) and 1977VA (possible M or E type). It Is of Interest 
that a possible extinct comet, 1960UA, is among the known low aV objects. 

Several unnumbered asteroids that have very low apparent aV from low Earth orbit to 
rendezvous, 1946S0, 1949SZ, and 1936UI, are occasionally listed among the Amors. These 
objects have poorly determined orbits, however, and are lost. In all probability their 
eccentricities and semimajor axes are higher than has been estimated by preliminary cal- 
culation, and they do not have as low figures of merit as suggested by the preliminary 
elements. The asteroid 1936UI, discovered by Reinmuth, has a nominal figure of merit of 
0.17, and it may be worth attempting its recovery. 

A continuing survey for new Earth-approaching asteroids will undoubtedly yield more 
promising candidates for sample return missions. A few percent of the Amurs and the 
Apollos probably have still lower figures of merit than Anteros, and would be especially 
favorable for sample return missions. An aggressive campaign to find these objects and 
determine their compositional classification and also to identify nxjre possible extinct 
comets should be carried out as a prelude to a multiple asteroid sample return program. 


MANNED MISSIONS 

The discovery of 1976AA (a = 0.97, e = 0.18, i = 19°) indicates that a few asteroids 
exist which are very close neighbors of the Earth (Helin and Shoemaker, 1977). Asteroid 
orbits with a near 1 and low e and i have the characteristic that very low aV spacecraft 
trajectories to rendezvous and for Earth return can be accomplished in relatively short 
periods of time--typica11y either six months or a year, for a round-trip mission. The 
discovery of a very near-Earth asteroid raises the possibility of manned exploration uti- 
lizing the capability of the Space Shuttle to carry manned spacecraft and the necessary 
propulsion systems into Earth orbit. Although 1976AA is a close companion of the Earth in 
space, its moderately high orbital inclination makes it less easy to reach than many other 
Earth-crossing asteroids and many Amors. Nevertheless, for short duration round-trips, 
1976AA is one of the three easiest targets for exploration and, in many respects, is the 
best known candidate for a short mission. 

Low aV short duration trajectories are achieved by rendezvous at perihelion for Amors 
and for all known Apollos and at aphelion for known 1976AA-type asteroids. In computa- 
tions of the figure of merit for rendezvous at perihelion of Amor asteroids, the perihe- 
lion of the spacecraft transfer orbit is taken as tangent with the Earth's orbit at peri- 
helion, and tangent with the asteroid orbit at aphelion. Launch impulse, Ui , is obtained 
from Equation (2), and the perihelion distance, q, is substituted for Q in Eauation (3), 
i.e . , 


^t " ^ q+1 ■ 2 


Rendezvous impulse, Ur, is given by 


Ur . Jul . 2UrUr cos i < UJ 


( 12 ) 


(13) 
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where 


3 2 2 rr 

q “ q+T ' q V q+T 


% • |-i-|y|(I-e')cosi (15) 

For Apollo asteroids, the spacecraft transfer orbit is taken as tangent with the asteroid 
orbit at perihelion, and the semimajor axis of the transfer orbit is held at 1 AU. Launch 
impulse is, again, obtained from Equation (2) but is now given by 

U2 « 2-2 /2q - qZ cos | (16) 

Rendezvous impulse is computed by Equation (4), 


1.1-^ 


and L|2 is obtained from Equation (15). 
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distributions of F are shown for Amors in Figure 4 and for 
approximate minimum aV from low Earth orbit to rendezvous at 
Apollos is approximately 50% higher than the minimum aV to ren- 
these asteroids. Velocities of known Amors and Apollos are much 
the rendezvous impulses are correspondingly higher. For the 
duration missions among the asteroids discovered so far, the 
are about 9 km/sec (Table 1). The approximate aV to rendezvous 
, but, because this asteroid has a poorly determined orbit and is 
Table 1. 


Table 1. 

Best Known Candidate Asteroids for Short 
Missions 

Duration, Low AV 

Asteroid 

Orbital Type 

F 

Approximate 
Minimum aV 
to Rendezvous 
(km/sec) 

Anteros 

Amor 

0.27 

8.7 

1976AA 

1976AA 

0.27 

8.7 

1977HB 

Apollo 

0.28 

8.9 

Eros 

Amor 

0.29 

9.2 

Geograpiios 

Apollo 

0.29 

9.3 

1976UA 

1976AA 

0.31 

9.7 

Toro 

Apollo 

0.31 

9.7 

1977VA 

Amor 

0.31 

9.8 
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The two lowest aV asteroids In Table 1 are Anteros and 1976AA. Niehoff (1977) has 
investigated round-trip missions to these asteroids for favorable opportunities. Round- 
trip ballistic missions of 365 days duration, allowing for 30 days stay time at each of 
the asteroids, can be achieved with aVs to rendezvous of 9.2 km/sec for Anteros and 
9.1 km/sec for 1976AA. A s^x-month duration mission to 1976AA would require more than a 
20? Increase In the energy requirements. Niehoff estimates that 28 Shuttle launches would 
be needed for a manned mission to 1976AA and 34 Shuttle launches for the mission to Anteros. 
The requirement for Shuttle launches could be reduced to 23 for the mission to Anteros, If 
the stay time were reduced to 10 days. 

Whether 23 or 28 Shuttle launches Is an acceptable cost for a manned mission to an 
asteroid depends on the priority and national significance that Is attached to such a mis- 
sion. These missions could almost certainly be accomplished by assembly of spacecraft and 
propulsion modules transported to Earth orbit by the Shuttle and by fueling in orbit. Sig- 
nificant Improvements in cost probably could be achieved by means of more sophisticated 
strategies than simple ballistic missions. For example, fueled propulsion modules for the 
departure Impulse from the asteroid might be delivered to the asteroid ahead of time by un- 
manned spacecraft, utilizing either conventional or low-thrust propulsion systems. The 
most economical attack on reducing the number of Shuttle launches required, however, would 
be to search for asteroids with more favorable orbits and figures of merit than have been 
found to date. 

Extremely low aV Anor asteroids may exist, as a consequence of two different dynamical 
circumstances. First, it is possible that some small planetesimals have remained In the 
space between the orbits of Earth and Mars from the time of planetary accretion. Provided 
that the maximum aphelia of such objects are somewhat less than the minimum perihelion of 
Mars, 1.309 AU, and that the minimum perihelia of these planetesimals is somewhat greater 
than the maximum aphelion of the Earth, 1.067 AU, they have Indefinitely long lifetimes. 
Taking account of the forced oscillations of eccentricity, produced mainly by Jupiter, the 
range of semimajor axes for objects that are safe from collision with Earth or Mars is 
1.15 to 1.21 AU (see Friedlander et al. , 1977). For these objects to be stable against 
planetary encounters, they must also have very small proper eccentricity. Fragmentation 
lifetimes for bodies 100 m in diameter and larger in orbits of this type are greater than 
the age of the solar system, at the present flux of interplanetary material. The fact 
that no objects of very low eccentricity have been observed in this region between Earth 
and Mars may Indicate that Mars migrated outward during accretion. Presumably, most of 
them were swept up by Mars or the Earth or reduced to fine debris by collisions during the 
period of high bombardment. There is no theoretical basis at present, however, for con- 
cluding that these processes completely removed all small bodies. 

Seconoly, extremely low aV Amors can be injected into orbits with aphelia equal to or 
somewhat greater than 1.309 AU by close encounters with Mars, during the extrema of oscil- 
lation of Mars' eccentricity. The probability of this happening is low, but so long as 
the perihelia of the Amors lie somewhat outside of 1.067 AU, such objects would have very 
long lifetimes. The figure of merit of an Amor with an aphelion just at 1.309 AU and 
perihelion at 1.067 AU and with 0" inclination is 0.15, which is equivalent to a minimum 
aV to rendezvous at perihelion of about 4.9 km/sec. This is shown as the minimum "expect- 
able" F on Figure 4. A few percent of the Amors are expected to have figures of merit for 
rendezvous at perihelion between 0.15 and C.27, corresponding to aVs between 4.9 and 
8.7 km/sec. 
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Two mechanisms may produce extremely low AV Earth-crossing asteroids: (1) injection 

of very low aV Amors into Earth-crossing orbits by encounter with Mars, and (2) reduction 
of aV cf Earth-crossers by multiple encounters with Earth and Venus. In the first case, 
the limiting figure of merit is 0.15, as given above for Amors. In the second case, the 
limiting F Is found for a body that just crosses the orbit of Venus, at the maximum Q of 
Venus, 0.777 AU, and the orbit of the Earth at minimum q of the Earth, 0.933 AU. For ren- 


dezvous near the Earth, at aphelion of the asteroid, the figure of merit would by 0.18, 
corresponding to a minimum aV to rendezvous from low Earth orbit of about 5.8 km/sec. 
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Minimum encounter velocities at the Earth's sphere of Influence for very low aV asteroids 
derived either from Amors or from Venus-crossers would be 1.9 km/sec. Multiple encounters 
with the Earth would be expected to shuffle the orbital elements, while the encounter ve- 
locity tends to be conserved. Changes in e and a would be exchanged for changes In 1, for 
example, so that some of these bodies would tend to become exclusively Earth-crossing, like 
1976AA, It might be supposed that encounters with the Earth could further reduce the aV 
to rendezvous. While this Is physically possible, It Is statistically more likely that 
the aV will be Increased by such encounters. From the cumulative frequency distribution 
of F for Apollos (Figure 5), a few percent of the Earth-crossers are expected to have fig- 
ures of merit between 0.15 and 0.25 corresponding to approximate aVs of 4.9-8 km/sec. Both 
"cometary" and "asteroidal" objects should be present in this group of Earth-crossers. 

Finally, there are two possible dynamical classes of near-Earth objects, representa- 
tives of which have not so far been discovered. Welssman and Wetherill (1974) have shown 
that substantial regions of stability in orbital element phase space exist for objects in 
1:1 resonance with the Earth. These regions are analogous to the stable Li, and L5 libra- 
tlon regions on Jupiter's orbit, which are occupied by the Trojan asteroids. Gehrels 
(1977) has made a preliminary search of the libration regions on the orbit of the Earth 
without success. Another region of stable orbit, for objects of low eccentricity, lies 
between Venus and Earth. This region has never been deliberately investigated. As both 
the libration regions on the orbit of the Earth and the region of stable orbits between 
Venus and Earth are more than 90“ from opposition, they are very rarely examined for as- 
teroids. We plan to begin such a search in 1978. Trojans of the Earth would represent 
the ultimate low aV asteroids. As the most stable objects, on "tadpole" orbits, can never 
approach the Earth more closely than ■v.O.A AU, however, they would be less accessible on 
short duration missions than low aV Amors and Earth-crossers. 

Parametric studies of transfer trajectories in near-Earth space by Niehoff (1977) 
show that impulse requirements for round-trip missions scale almost linearly with inclina- 
tion of the target asteroid for i below 20“. A lOOS increase in energy is required for 
every 6-7“ increase in inclination. For an asteroid with a and e comparable to 1976AA, 
about 10 Shuttle launches would be required for a manned mission, if the inclination were 
8“, and about seven Shuttle launches if the inclination were reduced to 5“. Encounter 
velocity at the Earth's sphere of influence for such an asteroid with i = 5“ would be 
4.2 km/sec, more than twice the minimum velocity for Earth-crossers given above. The dis- 
covery of objects which could be reached by manned missions using 7-10 Shuttle launches, 
therefore, appears entirely possible. Very roughly, about 1* of the Amors and 1? of the 
Earth-crossing asteroids may fall in this category. There may be a total of 10-20 Earth- 
approaching asteroids to absolute visual magnitude 18 (diameters in the range of 0.7-1. 5 km) 
with encounter velocities of 4-5 km/sec or less and many more smaller bodies. An inten- 
sive search for Earth-approaching asteroids will be needed to find these bodies. At the 
present rate of discovery of Earth-appixiaching asteroids of 4-5 per year, it might take 
25-50 years to find the first one. The rate of discovery will need to be increased by a 
factor of at least five to achieve a reasonably high probability of discovering, within 
the next decade, an asteroid which could be reached with a simple ballistic manned mission 
utilizing 7-10 Shuttle launches. 

The scientific objectives of a manned mission would be similar to those of the un- 
manned missions. Properly trained astronauts, however, would bring to the task of explo- 
ration an enormous advantage in maneuverability and dexterity on the surface of the aster- 
oid, with the attendant advantages for close scientific exrmination of the surface and 
flexibility in sampling They would be able to solve details of the structure of the 
asteroid that would be very difficult to obtain by unmanned spacecraft and to sample 
accordingly. It is the structure of the body, with all that this term implies for deci- 
pherable histoiy, or, in other words, the geology of the asteroid, which constitutes the 
primary goal of direct exploration. It is a task made to order for astronaut-scientists. 
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While the task of exploration of Earth-approaching asteroids Is highly appropriate 
for manned missions, we do not suggest that such missions would be undertaken for scien- 
tific goals alone. Earth-approaching asteroids constitute the next nearest worlds in 
space, beyond the Moon, that can be visited by man. Missions to these objects represent 
the most readily achievable step In an orderly development of manned space exploration. 
The value of such missions must be judged in the context of the larger goal of extending 
man's capabilities in space and In extending the frontier of exploration. 
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GENERAL DISCUSSION ON SESSION III 


MORRISON: Our topic for this discussion is the future exploration of the asteroids. We 
should particularly consider the future of Earth-based studies, and the interrelation 
of these with mission plans for perhaps a decade from now. 

CHAPMAN: For a start, I would like to emphasize the importance of laboratory and theoret- 

ical studies. Lack of such information limits our ability to interpret the observa- 
tions we now have; for example, we really don't know what the surface of a metallic 
asteroid in space should look like. 

ANDERS: We argued yesterday about the interpretation of the S asteroids, whether they are 
stony-irons or chondrites, and the crucial difference is the abundance of metal on the 
surfaces of the bodies. The question is. then, what are the effects of space weather- 
ing in low g? What does the surface look like after bombardment by dust particles and 
the solar wind? Comerford reported in the mid-1960's that when a chondrite is bom- 
barded with dust particles, the silicates erode preferentially whereas the metal merely 
flows plastically so that eventually the metal stands out from the surface. How does 
this compare with the asteroid measurements? 

McCORD: And even more fundamental is the study of the optical properties of metal. We 
don't know for sure how much metal the spectra indicate. 

VEVERKA: It is essential to understand the optical properties of asteroid regoliths both 

in terms of the optical constants of t!te constituent minerals as well as in terms of 
the textures involved. In my opinion that is more important at the present time than 
getting 100 more spectral reflectance curves. 

ANDERS: We really need to understand asteroid regoliths. Before Apollo, there was con- 

siderable talk about what the lunar surface looked like and there were papers describ- 
ing electrostatic effects, etc. These effects seem to be small on the Moon, but 
probably are quite a bit larger on the suwller asteroids. There also was considerable 
talk about the transport of dust from the highlands to the maria or vice versa. This 
doesn't seem to be very important on the Moon, because mare-highland boundaries are 
very sharp even after several billion years of bombardment. To what extent could 
laboratory programs investigate these questions.' 

FANALE: I would like to understand theoretically what water has or has not done to aster- 
oid surfaces. We need to know where it came from, how it moved through the parent 
bodies, and when it escaped, if it has done that. 

ARNOLD: With all respect to the last couple of conments about regolith theory and water. 

I think these things are much easier to understand after a mission than before. Close- 
up pictures will make a tremendous difference. Right now, for example, it might be 
very reasonable to discuss the regoliths of Phobos and Deimos; however, I would be 
quite skeptical about a theoretical program of such studies before the pictures were 
available. I would like to point out something that 1 feel is important but which is 
being done by one person. Brownlee is looking again at a 100 year old subject, namely 
deep sea spherules. It has been known since 1876 or thereabouts that there are me- 
teoritic spherules in the cores at the bottom of the ocean. They are coming not only 
from meteorites that are in the collections, but from meteorites that never reached 
the collections because they burned out high up. Some people like myself have been 
stimulated to join him. If these arguments of Ceplecha and McCrosky, and now 
Wetherill, aren't correct, this work can show they are wrong. 

MORRISON: The thermal history differences anxjng objects of similar size and similar loca- 

tion in the belt has been pointed out in the past as one of the big mysteries of the 
asteroids. The program of this workshop is such that we have not discussed this prob- 
lem. People are doing theoretical and laboratory work on possible selective heating 
mechanisms to produce a thernwlly evolved Vesta and a relatively unevolved Ceres. 

Does anyone have some further input on the progress that is being made in that area? 

MATSON: I think to some extent that work has been suffering; few proposals are funded. 

I think one of the services this workshop can provide is to say that although there 
have been a lot of thermal i.iodels, the possibilities have not been exhausted. 
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WETHERILL: I think computing thermal models is relatively trivial. But If there were 

some way to really understand the role of the aluminum-26 or other early heat sources, 
that would be an Important thing. 

CHAPMAN: I would like to address the question of how far we are likely to get with 

ground-based research in the next few years. I think that scientists are capable of 
stating answers to any question that Is asked. The problem Is whether those answers 
are believable. I think we basically couldn't believe any answer concerning the 
physical nature of the asteroids a few years ago, and now I think we have considerable 
confidence In answers to a few very specific questions about asteroids. With this base, 
we can also go on to address speculative answers to a whole host of new problems. I 
don't think we can have very great confidence In those speculative answers today but if 
we can augment the data In the future by a '"actor of ten, we may be able to. Can we 
associate particular meteorite classes with particular asteroids or particular aster- 
oid families? That's a specific question. I think we can clearly associate, with a 
high probability of being right, certain meteorite classes with certain asteroid 
alasaea. But only very speculative papers have been addressed to associating particu- 
lar meteorite classes with particular bodies. There are a couple of papers about 
Vesta. One was written regarding the Farmington meteorite. 1 don't think we will 
have confident answers based on the ground-based work even in the next decade. I 
don't personally have confidence that this question will be answered and that the very 
skeptical people are going to say yes, we know for sure those meteorites are coming 
from that asteroid. 

ANDERS: Maybe to focus the discussion we should take the case of Vesta. Every speaker has 
mentioned it as being the asteroid with the most characteristic spectrum. It was the 
first one to be matched up with a specific meteorite class. A number of papers have 
been written in the last year or two trying to Interpret Vesta as the parent body of 
eucrites and howardites; a particularly Interesting example is that by G. J. Consol- 
magno and M. J. Drake (Geoahim. Coamoahim. Acta 41, 1271-1282, 1977). The petrology 
of the eucrites has been very well worked out by Stolper, which in turn has led to 
detailed compositional models of Vesta. But there are dynamical arguments against 
getting the howardites from Vesta. Perhaps we have not looked hard enough at some 
far-out dynamical possibilities. Now I wonder what work Is required in order to de- 
cide conclusively whether or not eucrites and howardites are likely to come from 
Vesta or whether we are going to have to look for another source? 

WETHERILL: It is very hard to decnonstrate that you have thought of all the things that 

can be thought of. 1 am hopeful that as more people concentrate an attack on this 
sort of dynamical problem, we will exhaust the possibilities more than we already 
have. With regard to Vesta there may very well be mechanisms discovered which will 
bring some quantity of material from Vesta Into the inner solar system. However, 
other silicate asteroids that are adjacent to the resonance, etc., are also poten- 
tial sources of meteorites. I think it would be very surprising if some seler Jve 
mechanism were found for Vesta which is enormously more efficient than these others. 

I don't see how we can get more material from Vesta without getting a lot more from 
these other asteroids, too. 

ANDERS: Let me take the pessimistic possibility first. Suppose after several years of 

hard work by you and others, there is no known way to get meteorites from Vesta to 
Earth. Suppose the argument of Consolmagno and Drake still holds, that for every 
eucrite-howardite, there should be at least ten times as much of the complementary 
ultramafic differentiate, and since such meteorites do not fall in numbers exceeding 
those of eucrites, the parent body is not yet broken up; we are just seeing bits and 
pieces spalled off the surface. Suppose we have nothing but that argument and we are 
still very eager to learn something about Vesta, so a mission is launched to Vesta. 

What kind of measurements are needed and what kind of evidence is needed before we 
can say yes, Vesta is the parent body of eucrites, or no, it is not? 

FANALE: If you include a hard lander with its alpha-scatter instrument on the surface, 
the completeness of your chemical analysis is going to be much greater than with only 
orbital gamma-ray and x-ray results. I think that with the global chemical informa- 
tion from orb’t and the chemical analyses from the hard lander, you would be able to 
go a long way. 
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ANDERS: Suppose the chemical analysis that has been sent back Is a perfect match to the 
eucrites. How do I know even then that there wasn't a twin to Vesta that broke up 
and is actually the source of eucrites? And that twin might be significantly differ- 
ent in sojne important ways. It could be older, it could be younger, or it could have 
a different history. So I still would not be justified in concluding that eucrites 
came from Vesta, just because of a chemical analysis. 

FANALE: I think what the eucrites are telling us is that there are objects like Vesta 

which when studied as global entities could place severe constraints on the early 
thermal history of planetary objects. Whether the eucrites came from Vesta is an 
important, but separate question. 

ARNOLD: It is an important question because such knowledge would allow you to take mete- 

orites you have, on which you can do these beautifully detailed measurements, and know 
exactly where in the solar system they came from. 

FANALE: I agree, it is important. But there is a separate question about looking at the 

early chronological history of planetary objects. Almost surely Vesta went through 
the same history that produced others. But we don't know what it means because we 
haven't studied Vesta as a global entity, so we don't know what an entire parent body 
looks like. We should look for things which may be present on the surface that will 
indicate something about Vesta's differentiation chronology and the magmatic path that 
was followed. 

ARNOLD: I have a little story I would like to tell. I sat in another room, about this 
size and with about this number of equally distinguished people, when we were trying to 
select the proposals for the first lunar sample analysis. We weren't able to keep at 
it all the time, and people insisted on talking science occasionally. One of the dis- 
cussions involved an argument over whether tektites came from the Moon or whether chon- 
drites came from the Moon. I was chairman trying to get them back to work. To get 
around this argument, I said: "Perhaps this at least is a proposition we can all 

agree on: when we get samples from the Moon we will recognize some of them." And 
every head in the room went up and down. Back to work, and yet this was totally 
wrong. So you can understand why I keep reemphasizing the point that you have got to 
go and see. When we can survey the asteroids with the kind of payload Fanale de- 
scribes, we will know as much about these objects as we know about the Moon from Earth 
observations and from lunar orbital measurements. In addition, however, we know more 
about the Moon as an object because we have the lunar samples, and they have given us 
an enormous amount of information. This combination of global remote sensing coverage, 
some chemistry, and some detailed mineralogy is certainly not answering all questions. 
But many of the questions on Fanale's list should be addressable. If you imagine 
something like several volumes full of hign quality papers about the asteroids visited 
on a mission, 1 think you have an approximate estimate of the information you will 
have. 

MORRISON: Let me suggest an analogy, although it may be dangerous. I am sure we would 

all agree that learning whether meteorites come from particular asteroid patent bodies 
is extremely important. This is rather like going to Mars to find life there. It is 
extremely important, but no one would say that not obtaining a definitive answer means 
we have not learned useful things about Mars. In addition, I think our level of know- 
ledge of the asteroids is so low that we could work ourselves into a dangerous corner. 
We should say that a mission is desirable because asteroids are intrinsically inter- 
esting objects and not because we will get answers to specific Questions A, B and C. 

ANDERS: 1 believe in serendipity, but to justify a mission to the asteroids we need to do 
more than say "let's see what we discover." Asteroids are unique in more than one way. 
One of the unique features is that they are less evolved geologically than planets. 
Another is that we have materials, the meteorites, that either have come from aster- 
oids or are basically similar to asteroids. So we should carefully decide what ques- 
tions we should ask that would justify a mission to asteroids, and still allow for a 
bit of serendipity. 

FANALE: My point of view is that it's necessary to establish key questions which are im- 

portant in understanding solar system history and that are likely to be answered by a 
mission such as we are discussing, rather than by some other mission which is a 
competitor. 
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ANDERS: On those terms, yes, I agree. Let me also say I think you presented a magnifi- 
cent list of questions in your paper. But I am not sure all of these questions can 
be answered by the kind of asteroid mission we have discussed. It is not clear how 
the specific measurements can be performed that will actually answer some questions. 

VEVERKA: It is really Important that we distinguish between interesting questions and 

answerable questions. You can ask what is the parent body of a certain meteorite 
type. That is very similar to asking what is the origin of the Moon. It is very in- 
teresting but I don't know how you go about answering it. Specifically, in the case 
of Vesta, if you brought back a sample of the surface and submitted it to all the 
usual analytical techniques, it is very unlikely that all the "leasurable parameters 
will match exactly those of a specific meteorite type. If the parameters are gener- 
ally similar, but not Identical, what are you going to conclude? 

FANALE: I made it very clear that a limited mission to a limited number of objects was 

not going to give you a global context to the meteorite data. But I did point out if 
you are choosing a mission it should do the best job possible of answering that par- 
ticular question. 

ANDERS: Note that I didn't ask the question, "where did the H chondrites come from?" Pre- 

sumably there are many bodies of that composition. Vesta appears to be unique, and 
its connection with the likewise rare howardites may therefore be a more answerable 
question. I completely agree with Veverka's skeptical point of view that even if 
samples are brought back and put through laboratory tests that agree in every way, 
there still remains a lingering doubt. 

SHOEMAKER: I would like to submit, and whether it is pessimistic or optimistic depends 
on your viewpoint, that we will not identify a parent for any single meteorite within 
the lifetime of anyone in this room. What we can do is go to individual asteroids and 
find out what they really are. That is the question we should be addressing. Maybe 
we will be lucky and find the source for one of the known meteorite types. But the 
important thing is to go to the individual asteroids, study them, ultimately get 
samples from them, and analyze those samples with the same techniques we have used in 
the past for the meteorites to get the answers for those samples and those asteroids. 

ANDERS: There is a possibility that if we do so, we may bring back samples that are in- 
distinguishable from a known meteorite class. I would be very embarrassed to have 
spent $400 million dollars for samples that are, for instance, a little different from 
H chondrites, but not in a very significant way. 

NIEHOFF: You wouldn't be spending the whole amount on that one answer, but you would come 

back, by definition, with a wealth of other information. 

MORRISON: I think Anders has just given a pretty good rationale for choosing a mission 

concept that characterizes several asteroids as planetary objects, rather than just 
concentrating on sample return from one asteroid. 

ARNOLD: It seems reasonable to me that a sample return mission would require for its 

justification more information than I foresee us deriving from ground-based observa- 
tions alone. For that reason 1 agree that the exploration of multiple objects is the 
first objective. Afte- such a mission, I think we would be in a position to say with 
some reasonably high probability whether or not sample return is going to yield mate- 
rial different from the meteorites we already have. 

NIEHOFF: I would go further. An objective of a multi -renuezvous mission probably ought 

to be that we do come back with the necessary data to assess what a sample return 
mission would do. 

MATSON: Before we go off on an asteroid mission, the targets of that mission ought to be 
studied intensively from the ground and also from Earth orbit over the extended wave- 
length range from ultraviolet into the infrared. Such concentrated studies will pro- 
vide a very powerful tool. 

ARNOLD: The other point I have not heard is that this kind of mission can provide the 

information needed to interpret the ground-based information we have. If one does 
have four or five objects which one has explored in detail and really understands, 
one can go back to the general questions that were discussed earlier and address them 
in a more sopnisticated way. You may be able to say with more certainty than before 
that the H group chondrites come from this class of object or we think the only pos- 
sible place the eucrites can come from is from this particular object. 
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ANDERS: We must not forget that we have a large body of spectroscopic Information, thanks 
to McCord, Chapman, and others. This Information Is getting more specific and more 
reliable all the time, and after some necessary laboratory studies have been made, 
the Interpretation, too, will be more conclusive. Looking ahead ten years from now 
with all this additional work, I wonder If we could justify sending a mission Just to 
see if we are right on five asteroids? 

VEVERKA: No one Is proposing that. One of the reasons for having an asteroid mission is 
to go beyond that. Most of the things we have discussed so far tell you about the . 
outermost layers. For example, one of the things people keep talking about, which I 
don't believe, is that many C objects are coated with something and they are not C 
objects on the Inside. A mission provides the only way I know of to determine masses 
accurately and to obtain Information on Internal densities. 

CHAPMAN: Further analogy can be drawn with lunar exploration. Many long books were 

written about the Moon before the Apollo program. They dealt with a whole host of 
Interesting questions, largely of a geological nature, because the data we had on the 
Moon dealt with whole body geophysics and observable surface geology. Many of the 
questions addressed In those books were of fundamental importance, such as the crea- 
tion of basins. Then we actually visited the Moon, and now if one looks at the Pro- 
ceedings of the Lunar Science Conferences, one sees as a result of the Apollo samples 
that a whole realm of additional questions are being addressed. In the case of the 
asteroids and the meteorites, we have lots of samples but what we arc entirely lack- 
ing is the global planetological aspects of asteroids. Some of us are preoccupied 
with thinking about the kinds of problems that oresent themselves from the studies of 
the meteorites. However, 1 expect that the asteroids also will be geologically and 
globally interesting bodies. And understanding the fundamental problems of these 
bodies, such as collisions, should synergistically help us answer the questions that 
one asks on the basis of meteoritical evidence. Maybe I should csk you, do you think 
that global planetological questions can be addressed by an asteroid mission? 

ANDERS: Quite possibly if you find asteroids at just the right stage of fragmentation. 

But you have made the point that the asteroid belt at one time was much more massive, 
and that there are virtually no asteroids that still have their pristine surfaces. 

So, will you then be able to make real sense out of fairly detailed mapping of five 
asteroids? Will you really be able to determine their original composition, the geol- 
ogy, and so on? If the asteroid has lost 80% of its mass, will you really be able 
to tell what the original asteroid was like? 

CHAPMAN: It is my expectation, and I think most people's expectation, that Vesta is not 

a fragment. So there is one original asteroid. We can visit some that are certainly 
fragments and we can also visit some like Ceres and Vesta that almost certainly are 
not fragments. One can then interpolate among the possibilities. 

ANDERS: You'll see a cratered surface and perhaps a few basins that allow you to see 

through the present crust. This would be interesting, but not crucial information. 
Jerome and Goles and others have already recognized howardites as mixtures of crust 
and mantle material, i.e., eucrites and diogenites, and both cf these are available 
In pure form. 

CLAYTON: Could you convince anyone in this room that all the known eucrites or howardites 

come from a single asteroid? You can't convince us that any two eucrites are from 
the same parent body. How can you convince anyone they come from a particular aster- 
oi i? 

ANDERS: Vesta is the only known source for eucrites, and it meets the requirement that 

it is not extensively broken up. To turn the question back to you, how would a mis- 
sion answer this question? 

CLAYTON: I wouldn't ask that question of a mission. 1 have heard much better questions 

asked here. I wouldn't think Vesta would be a particularly interesting place to go. 

I would be much more interested In the primitive asteroids than the evolved ones. 

FANALE: I don't believe it will be necessary to choose between Vesta and a primitive 

asteroid in target selection. When I say to demand Vesta, it is because Vesta is 
unique, so you have to demand Vesta to get it. The whole asteroid belt is full of 
the smallest and darkest things you can imagine and they are the most primitive ones. 
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They are the ones you will encounter typically by serendipity after you make those 
demands for Ceres or Vesta. So while I do think Vesta is very desirable, it doesn't 
mean I would give up any chance of going to a primitive asteroid in order to go to 
Vesta. 

MATSON: With meteorites we are looking at asteroids from a microscopic point of view. 

With telescopic observations, we are looking at the macroscopic point of view. I see 
an asteroid mission filling the size scale between these two extremes. 

ANDERS: We have such information for Phobos. 

MATSON: No we don't, we don't have any meteorites or samples from Phobos. 

ANDERS: When we made out the list of questions for this workshop, the very first one was, 
"What are the most Important things we want to learn about asteroids? How do these 
goals relate to deeper insights about the solar system and its evolution?" Thus a 
mission cannot be justified as an end in itself, as a way to obtain information that 
is trivial or is easily deducible from ground-based measurements with a little bit of 
inspired speculation. We must instead try to formulate truly important questions that 
can be answered conclusively only by a mission. Let us bear in mind that we are in a 
privileged position, relative to people arguing for missions to comets or Jovian satel 
lites. We have at least a few asteroidal samples among our meteorite collections, and 
that gives us a unique advantage over other planetary scientists. If we want to pro- 
pose a mission, then we must be able to justify it by four-to-five truly important 
questions that only a mission can answer. 1 want to make sure we have done our home- 
work. I believe that this workshop, and this discussion we have had, are important 
for bringing out just what the questions are that can be addressed by a mission to 
the asteroids. 
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The application of optical remote sensing techniques to 
asteroid surfaces using ground-based telescopes has re- 
vealed most of what is known about these objects. Trans- 
porting the related instruments to the asteroids for 
close-up study during rendezvous or landing missions has 
the potential for providing large increases in our knowl- 
edge of asteroid surface structures, composition and 
mineralogy. Reflectan:e spectroscopy and multispectral 
mapping are the companion techniques likely to be most 
useful, for between the two approaches surface units can 
be determined. Several other techniques should be con- 
sidered for providing complementary information. The 
state of instruction is such that no serious technical 
problem in developing such experiments is expected. 


INTRODUCTION 

When asteroid exploration is extended by carrying instruments near asteroids and onto 
their surfaces we will find measurements in ultraviolet, visible and infrared energy re- 
gions even more useful than tney are now, working from the Earth's surface. A variety of 
techniques are available which all depend on measuring radiatl.n reflected or emitted by 
surface material. This article discusses each technique briefly and points out some more 
obvious experiments which could be performed on flyby, rendezvous or landing missions. As 
always one must be cautious in assuming that all oossibie techniques and experiments are 
known. New and better methods may be discovered in the future and in fact may now exist 
unknown to the author. 

Optical radiation coming from an asteroid consists of two components: passively scat- 

tered solar radiation at shorter wavelengths and emitted thermal radiation at longer wave- 
lengths. Figure 1 shows the flux received at the Earth from a square kilometer of a lunar 
mare region at near-zero phase angle. The case for a low albedo asteroid near the Earth 
would be very similar. For objects farther from the Sun the wavelength at which emitted 
thermal radiation becomes dominant shifts to longer wavelengths, to about 4 ym at Mars and 
6 ym at Jupiter. 

The major techniques available for obs ing asteroids at optical wavelengths are 
tabulated in Table 1. All of these coul.' bi. . .motely applied from a flyby or rendezvous 
spacecraft and the spectroscopic techniques ;ould be applied on the asteroid surface to 
study samples, as is comnionly done in terrestrial laboratories. 
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Table 1. The Major Techniques Available for Observing Asteroids at Optical Wavelengths 


Technique 

Wavelength 

Region 

Property Determined 

Physical Phenomenon 

1. Reflectance Spectroscopy 

0 . 1 - 5 . 0 um 

Mi neralogy 

Electronic Absorption 

2. Emittance Spectroscopy 

5.0-1000 um 


Molecular Vibration 

3. IR Radiometry 

5.0-1000 will 

Diameter, Albedo, 
Thermal Inertia 

Thermal Energy 
Exchange 

4. Polarimetry 

0.1-1.0-? urn 

Grain Size to 
Material Opacity 
Ratio 

Specular Refljction 
and Scattering 

5. Broadband Photometry 

0.1-1 000 urn 

(See 1 and 2 Above) 
Albedo 

(See 1 and 2 Above) 

6. Multispectral Mapping 

0.1-1 000 urn 

Compositional Unit 
Extent 

(See 1 and 2 Above) 
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REFLLCTANCE SPECTROSCOPY 


Technique Deeaription 


Spectral reflectance is the fraction of incident solar radiation that is reflect^ 
from a surface as a function of wavelength. With sufficient spectral resolution and inten- 
sity precision, absorption bands often can be resolved that are diagnostic of surface com- 
position and mineralogy (see Figure 2). For mineralogical interpretation we are concerned 
primarily with the wavelength dependence of reflectance and to a lesser extent with the 
albedo or absolute amount of reflected light, and angular dependence, or polarization of 
the reflected radiation. 

The material on the surfaces of solar system objects typically occurs as randomly 
oriented fragments. When observed in reflected solar light, the particulate material re- 
turns two components of radiation: (1) a specular component, which consists of first sur- 

face reflections and is described. by Fresnel's laws for absorbing dielectrics; and (2) a 
diffuse component, which is composed of light that has enterc'. at least one grain and has 
been scattered back into space toward the observer. It is the diffuse component that con- 
tains the most compositional information. 

The absorption bands that appear in reflectance spectra are due primarily to (1) elec- 
tronic transitions and charge transfers by d-shell electrons in transition metal ions 
(Fe^'*', Ti'^'*^, Cr^'*', etc.), (2) overtones of molecular vibrations, (3) photoelectronic emis- 
sion, and (4) photoconduction. The wavelength positions of the absorption band centers 
depend on the types of ions present and on the dimensions and symmetry of the sites in 
which the ions are situated. These two factors to a la^ge extent define the mineralogy of 
a sample. Note that reflectance spectroscopy is a method of remotely sensing mineralogyy 
in contrast to y-ray spectroscopy and x-ray fluorescence, which remotely sense elemental 
composition. 


Reflectance spectra are interpreted using a combination of 
techniques. Laboratory spectra of a large number of chemically 
and meteoritic minerals and rocks have been analyzed, and their 
functions of particle size, phase angle, mij^ing ratios, and mix 
pretations of absorption bands are based on ligand field theory 
tions), molecular orbital theory (charge transfer transitions), 
tivity and photoemission) , end theories of molecular vibration, 
are determined analytically by comparing the relative strengths 
the constituent minerals, and using assumptions about relative 
Simple comparisons with catalogs of laboratory spectra are not 
ing. 


laboratory and theoretical 
analyzed terrestrial, lunar, 
spectra have been studied as 
ing heterogeneity. Inter- 
(interelectronic transi- 
band theory (photoconduc- 
Relative modal abundances 
of bands contributeo by 
grain sizes and homogeneity, 
adequate and may be mislead- 


For many objects in the solar system, suen as the Moon and Mars, telescopic spectra 
for a large number of locations car ,■ obtained and petrologic units identified. Deter- 
mination of unit petrology requires high spectral and spatial resolution; however, the 
spectra often can be characterized in terms of intensities at few diagnostic wavelengths, 
which can be mapped in two dimensions (using multispectral imaging techniques) to determine 
the spatial extent of petrologic units. 

Problems can arise to make the application of reflectance spectroscopy difficult or 
impossible. For example, observations can be affected by low light levels ar.d poo' spatial 
resolution. Furthermore, solar system objects have their surface optical properties modi- 
fied by one or more alteration processes, which have to be understood before accurate 
interpretations can be made. The optical properties of soils can be strongly altered by 
masking agents, such as agglutinitic glass on the Moon and Mercury, vegetation and clouds 
on Earth, and windblown dust on Mars. To a lesser extent, polarization effects and reflec- 
tion geometry can also complicate interpretations. 
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Fig. 2. Spectral reflectivity of Apollo 12 
basalt powder 12063 and plagioclase and 
pyroxene separates from the same rock. 
Ilmenite is a synthetic sample (Adams and 
McCord. 1971). 
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These limitations notwithstanding, the technique has been successfully applied using 
ground-based telescopes; the compositions of nearly 100 asteroids have been determined; 
the pyroxene composition, titanium content, soil maturity and mare basalt types have been 
determined for units across the lunar surface; the abundance, type, and water content of 
ferric oxides in the martian soils have been measured; and the presence of H 2 O on the 
Galilean satellites, and the rings and satellites of Saturn has been detected. Spacecraft 
experiments should extend the ground-based work and acquire basic information about the 
composition of solar system bodies. 


It%atpument System 

Remote Measurement. Flyby, orbiter and rendezvous nn'ssio asteroids require 
spectrometers of some sort with telescopic foreoptics to gathei jht and project an image 
of a surface spot. Several spectrometers have been developed for g'-ound-based telescopic 
observations. These include multi-discrete interference filters (0.3-2. 5 ym), single 
detector spectrometers (0. 6-5.0 um), and interrerometer spectrometers (1.0-2. 5 ym). Sev- 
eral broadband photometers have also been used. 

Two instruments have been designed for spacecraft use. A cross disperson eschell 
spectrograph using linear arrays of detectors (0.35-5.0 ym) has been designed for the LPO 
mission and a modified version was proposed for the Galileo mission. This instrument 
gives very wide spectral coverage for only one or a few spatial elements (because of op- 
tical aberrations). 

A second instrument is being designed and built to fly on the Galileo mission. It 
will be a single dispersion spectrometer using linear arrays of detectors aligned along 
the slit image, rather than along the spectral dispersion as for the other system. This 
instrument has narrower spectral coverage (because of order overlap) but it has the abil- 
ity to image up to 30 or so spatial elements simultaneously. 
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These two Instruments represent the two extremes of design for dispersion spectrom- 
eters. Confining the advantage of each has been attempted but not achieved. 

An interferometer spectrometer was flown on the Mariner 9 Mars mission but the spec- 
tral range did not reach to short wavelengths where electronic absorptions are well devel- 
oped. A similar system modified to reach to 'v-1.2 ym was proposed for the Galileo mission. 

A problem with the interferometer spectrometer approach in general is the close mechanical 
tolerances required to work at visible and near infrared wavelengths and the unnecessarily 
high spectral resolution and resulting decreased sensitivity that must be accepted in cur- 
rent designs. 

Circular variable filter (CVF) spectrometers have been suggested and they are attrac- 
tive because of instrument simplicity. But simultaneous measurement of more than one 
spectral channel is not allowed and this greatly reduces measurement efficiency. For 
bright surfaces and rendezvous missions one might be able to use such a device. 

Considerably more development of these instrument concepts is needed to obtain appro- 
priate devices for actual missions. Different missions will require different devices. 
Important parameters affecting design are: surface brightness (distance of object from 

Sun, distance from object, spatial resolution, surface material albedo), integration time 
spent on one surface spot (ground track speed, spatial resolution), and aerial coverage 
desired (type of object, total time spent at object). 

In Situ Measurement. A’ landing mission could involve some sample analysis. In this 
case a reflectance spectrometer could be used to make detailed mineralogical analyses, just 
as is presently done in terrestrial laboratories. No such instrument has been designed 
(although many models exist for laboratory use) and problems of light sources, calibration 
and sample manipulation may exist. 


EMISSION SPECTROSCOPY 


Technique Description 


A planetary surface element reacnes a certain temperature according to a complex set 
of energy-balance conditions involving geometry and Kirchoff's laws. The major source of 
energy is solar radiation which is absorbed by the surface at visible and near infrared 
wavelengths (Figure 1). A minor but possibly detectable amount of energy may originate in 
the planet's interior. Some emitted thermal radiation is reabsorbed by other parts of the 
surface within the field-of-view of the emitting surface element. 

The ability of a surface to radiate depends partly on the optical properties (index 
of refraction and extinction coefficient) of the material, and these properties vary with 
the wavelength of radiation emitted. Solids are composed of itoms and molecules bound in 
a crystal lattice. With their associated bonds, these form oscillators which vibrate at 
preferred frequencies. Near the preferred vibrational frequencies, bands (called rest- 
strahlen bands) appear in the emission spectrum of the solid (Figure 3). For silicates 
the Si-0 bond is responsible for a strong emission near 10 um, for example. These bands 
can be diagnostic of composition. 

Unfortunately, these emission bands usually can be seen only for surfaces with large 
particle sizes (100 um). However, at a wavelength slightly shorter than but related to 
the reststrahlen band, the index of refraction of the emitting material becomes equal to 
that of the surrounding medium. At this wavelength (Christiansen frequency) no scattering 
occurs at particle boundaries and the maximum possible radiation escapes to space. It has 
been shown that the Christiansen frequency varies predictably with composition and this 
approach has been used to study lunar and terrestrial samples. 
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Fig. 3. Transmission spectra of rocks 
and mineral ground to 0-5 iim and sus- 
pended on a mirror. Curves have been 
separated vertically for claritv. Peak 
transmission near 8 urn (250 cm“^) is 
typically about 90* for the rock spectra, 
and ordinate divisions are 10*. Shaded 
region of the spectrum is obscured by 
martian COo lines in Mariner 1971 spec- 
tra. Recalculated Mariner 1971 nonpolar 
spectra are shown here. Vertical arrows 
indicate position of polar radiance 
maxima, near which we also expect the 
nonpolar transmission minima (Logan 
et al. , 1975). 
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Instrument System 

Remote Meaaurements. Several spectrometers of the designs (but with different detec- 
tors) described under a previous section have been built and used on ground-based tele- 
scopes. The spectral range covered is restricted to the 10 um and 20 urn terrestrial 
atmospheric windows. 

A CVF spectrometer (2-14 urn) was flown to Mars on the Mariner 6 and 7 missions and 
an interferometer spectrometer (4-50 pm) was flown to Mars on Mariner 9. 

In spectral range the interferometer spectrometer becomes a more practical al- 
ternative because of the increased wavelength of radiation observed. The detectors become 
more difficult to handle because of the need for cooling to near 0°K. Considerable devel- 
opment of both the techniques and the instrumentation is required to make available a 
dependable experiment. 

In Situ Measuremnt. As in the case of shorter wavelength reflectance spectroscopy, 
emission spectroscopy can be applied on landing missions to analyze sam, es. Spectroscopy 
at these energies is a standard laboratory technique, as at shorter wavelengths, and in- 
strumentation is equally undeveloped. Probably the in situ measurements would be made 
in transmission rather than emission so that sample preparation becomes a serious problem. 
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IR RADIOMETRY 


^ i: 


Technique 


The temperature of an illuminated planetary surface is controlled by insolation 
(surface area presented to incoming sunlight), surface albedo (amount of sunlight ab- 
sorbed), and temperature of objects within the field-of-view of the radiating surface 
element. After sunlight is cut off (e.g. , eclipse), the relative importance of subsur- 
face heat exchange increases rapidly as the surface cools. From the solution of the 
heat-conduction equation one finds that the surface material properties K (thermal con- 
ductivity), p (density), and C (heat capacity), in the functional form (KpC)>t (called the 
thermal inertia), control the rate of cooling of a surface, but the temperature of objects 
in the field-of-view of the emitting surface also has an effect. 

Infrared radiometry is the measurement of flux emitted from a surface, perhaos at 
several broad spectral bands, from which an effective temperature can be derived. Tempera- 
tures of an illuminated surface, alone, usually reveal little about the surface except 
albedo and illumination geometry. When condensates are present some compositional infor- 
mation can be inferred by considering freezing temperatures. Temperature changes during 
illumination changes such as an eclipse can give additional information from the measure- 
ment of thermal inertia. 


Instrument System 

A large number of IR photometers are in use making ground-based measurements of flux 
in several broad spectral bands for a wide variety of objects including asteroids. Also, 
a .lumber of instruments have been flown on spacecraft. Development of such instruments is 
not difficult given the work already done. One area of difficulty is the detector cooling 
required to achieve the best sensitivity. 


POLAR IMETRY 


Technique 


Reflected radiation can be analyzed into its two orthogonal planes of polarization, 
one perpendicular (j.) to the plane of scattering and one parallel (J„) to this reference 
plane. The plane of scattering is defined by the source, surface, and observer. The 
polarization (P) of the reflected radiation is defined as 

IP = ■ 100 


Polarization has usually been measured as a function of the angle between source, surface, 
and observer, or "phase" angle. There is generally a maximum polarization near a phase 
angle of 110°, diminishing to zero near 20°. A 90° shift in the plane of polarization 
occurs at small phase angles resulting in a small "negative" polarization which again 
approaches 0 at 0°. 

In the laboratory, the polarization versus phase-angle curve has been shown to be a 
combined function of opacity (composition), particle size, and surface structure. Within 
moderate limits, an empirical relation has been shown to exist between the slope of this 
,/Olarization curve and the geometric albedo of a particulate surface. The negative polar- 
i.wtion at small phase angles is characteristic of surfaces covered with some form of dusty 
semi -opaque soil. 


1 




^ 

* •‘i 




i- 

; »■! 
■ *■ 

; 

•■ ,< ■ I 
•'■''!•: ’ : 
• ! T;V- I 


V _• -r 


? ■ i r 
1 i 

t' . ■ ' '! '■ ■ 

T ^ , '■ ! 'i 

1 

» 

i . * . . . * 

.i __ 


Through computer modeling techniques a recent theoretical analysis of the way light 
is reflected and scattered from a particulate surface has allowed a better understanding 
of the physics and optics behind the observed polarization (see Wolff, 1975). This analy- 
sis showed that the polarization versus phase curve is the result of several factors, 
such as the complex refractive index of the particles (determined by composition and de- 
fining opacity), porosity of the soil, amount of shadowing, and particle size. For 
example, if the basic structure of the soil is known or assumed constant over a region, 
then the observed polarization curve is largely a function of the opacity of the particles 
and can be used as a measure of albedo wUhin the limits defined by the model. 


InatFument System 

Systems using crystal or Polaroid analyses and single detectors are in common use on 
ground-based telescopes. Spacecraft polarimeters have been flown as part of imaging exper- 
iments. Polaroid filters are inserted in the optical path to measure polarization. 


MULT I SPECTRAL MAPPING 
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Technique Description 


The basic study of a planetary surface involves defining the boundaries and extent of , 
surface units and characterizing them in terms of physical features, lithology or chemical | 

composition. Mul tispectral mapping is an effective method for determining the spatial ex- 
tent of geologic units on a planetary surface. Ground-based telescopic studies of the Moon 
have been carried out for more than 60 years, but spacecraft missions to objects other than ! 
the Earth have seldom included mul tispectral mapping experiments. Developments in two- 
dimensional detector technology and image processing techniques are stimulating activity 
in this field. Increased understanding of the optical properties of planetary surface i 

materials is making mul tispectral maps more meaningful. j 

Mul tispectral mapping is defined here as not just the acquisition of images at several 
wavelengths but also the processing of images obtained through at least two different spec- 
tral bandpasses to produce a single image encoding color information. Physical processes 
causing color differences across planetary surfaces have recently become much better under- 
stood and color differences are becoming a dependable parameter for defining and character- 
izing geologic units. As discussed above, the reflected and emitted spectra of planetary 
surfaces contain absorption or emission features which are related to compositional prop- 
erties. In some cases, the understanding of t . surface-material optical properties has 
reached such a level that direct correlation of optical parameters can be made with compo- 
sitional parameters. For example, the slope of the reflectance spectrum between 0.40 and 
0.56 urn for mature lunar mare soil is directly correlated with TiO; content. Basaltic 
mare units can be distinguished based on titanium content. By mapping the spatial distri- 
bution of the slope of the reflectance spectrum using multispectral imaging techniques, a 
map of titanium content in the mare soil, and thus a map of some mare basalt geologic 
units, can be obtained. Other optical and compositional parameters are correlated, but 
this case illustrates the point. 

The wavelengths at which a surface is imaged must be chosen with great care in order 
that the color maps bring out geologic and geochemical features and so that the color images i 
can be interpreted in terms cf kno/n p^’>3:cal processes affecting the optical properties. ' , 

Poorly chosen bandpasses le«d to massive data reduction exercises and result in poor unit ' 

discrimination. The differences in color properties which signify compositional differences j 
are often small (O-l-lOi). The precision of measurement required to map the appropriate j i 
optical parameters in two dimensions has strained the available technology. ; * 
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DISCUSSION 

MORRISON: Some remote sensing techniques are a lot more productive than others and a lot 
more likely to fly on a mission if we have one. Could you comment on which ones you 
think are more important? 

McCORD: I would list reflectance spectroscopy and mul tispectral mapping as the main space- 

craft techniques for optical remote sensing. I think mineralogy is an important prop- 
erty, and the distribution of units on the surface of a body is important for deter- 
mining how that body evolved. Emission spectroscopy may turn out to be important as 
well. It is less well understood and has not been practiced nearly as much. There 
is a problem in that for the particle size distribution we find existing on the Moon, 
the emission features are essentially washed out. There are complementary features 
called Christiansen peaks which do show up. Very little laboratory work has been done 
on these. Finally, mapping the temperature of the surface is less interesting to me 
than determining composition 

MATSON: Emission spectroscopy is sensitive to a different set of minerals than reflectance 
spectroscopy. Radiometry is more oriented toward texture and morphology of the surface. 

McCORO: If you have a fairly rapidly spinning asteroid, radiometry will be sensitive to 

physical properties, like exposed rock versus regolith, rather than chemical properties. 

MORRISON: Basically, the radiometry is sensitive on a distance scale of millimeters to 

centimeters, which you don't otherwise probe. 

McCORD: Polarimetry is again oriented toward small-scale physical rather than chemical 

properties. 

ARNOLD: This list has all the techniques which you and others have applied from the Earth. 
What can you learn about a body in general when you are close-up rather than through 
a telescope? 

McCORD: There are two definitions of what close-up is. One is in orbit or in rendezvous 

at some distance. There one wants to take the geological approach of defining and 
characterizing units. With multispectral mapping, one would be defining the extent 
of units and with the spectroscopic techniques, one would be characterizing units in 
terms of mineralogy. If one knows the extent and characteristics of the units on the 
surface, presumably one could work out an evolutionary history using the approaches of 
classical geology. But I would like to go further and say these techniques can be 
applied in situ, the second case. If one had a Zander, one would want to carry a re- 
flectance and emittance spectrometer and analyze the material on the surface just as 
you do in the laboratory. These are very powerful laboratory techniques for mineral- 
ogical analysis. 

ANDERS: How long would it take you to map an asteroid the size of Ceres if you had an 

instrument in orbit? Also, could you resolve a 1 km crater and characterize any ex- 
posed bedrock? 

McCORD: The answer to the second question is a matter of resolution. One kilometer reso- 

lution from 1000 km is easy, and if you move closer and keep the focal lengths of your 
optics the same, you can get much higher resolution. 
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VEVERKA: If you are orbiting these objects, the orbital velocity is very low, and there 

are no severe problems with smear. Ten meter resolution is possible. 

McCORD: That's right. So characterizing a 1 km crater would be easy. Now the first 
question was coverage and that depends on what kind of resolution you want. For the 
Lunar Polar Orbiter mission, we're talking about mapping with a single spot of about 
1 km and doing the entire Moon surface in a year. A different instrument being built 
for the Galileo mission maps spatial elements simultaneously but with fewer spectral 
elements. Both instruments work at about the same speed. 

MORRISON: The Moon is a factor of ten larger than Ceres in surface area, so for a typi- 

cal 60 day rendezvous time, you could spectrally map all of Ceres at 1 km. Perhaps 
you'd want higher resolution for selected areas, too. 

FANALE: It is within the capabilities of these instruments to do a very exciting experi- 

ment to give a detailed map of the distribution of the water and OH on the surface of 
these objects. 

MORRISON: Could I ask one of you involved with the Galileo imaging to comment on the 

degree to which the CCD imagine, system can accomplish the spectral mapping goals and 
relieve the pressure somewhat on the kinds of instruments McCord has discussed? 

CHAPMAN: The CCD has a broader spectral coverage than other cameras that have been flown 
but not as broad as is needed for good mineralogy. We don't have a CCD camera that 
goes out to 5 um. 

VEVERKA: 1 think the other problem is that obviously you are likely to have a limited 

number of filters on a CCD camera. You do not have the ability to do the kind of 
spectral characterization we want. 
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REMOTE GEOCHEMICAL SENSING OF ASTEROIDS 


JAMES R. ARNOLD 

University of California 
San Diego, California 92093 


The techniques of remote geochemical sensing are substantially the same for any 
planetary body without an atmosphere, or with an atmospheric column density of less than 
about 10"^ g/cm^ surface. Thus the paper by Haines et al. (1976) provides a proper and 
current technical basis for the present subject. A few new points will be noted below 
after a quotation of the abstract from Haines et al. (1976). 

Two Instruments, the gamma-ray spectrometer and the x-ray 
fluorescence spectrometer, are uniquely suited to the chem- 
ical mapping of planetary surfaces from orbit. Through 
their detection of characteristic line spectra they measure 
the concentrations of a suite of elements in each area over- 
flown. Multi -element chemical maps derived from these re- 
mote measurements are used in the construction of evolution- 
ary models of planetary bodies and of the solar system as a 
whole. The Nal(Tl) ganma-ray spectrometer and a gas propor- 
tional x-ray spectrometer were flown over 20% of the lunar 
surface during the Apollo 15 and 16 missions. These instru- 
ments measured chemical differences across the boundaries of 
known lunar provinces and revealed several new features of 
lunar-surface composition. Advanced spectrometers which are 
under development for future missions are able to educe much 
more information in a given time span than the Apollo instru- 
ments. They may be used in possible future missions such as 
Lunar Polar Orbiter, a Mars orbiter, a Mercury orbiter, outer 
planet satellite missions, rendezvous with asteroids and 
cometary nuclei, and surface-penetrating planetary probes. 

In essence, using the gamma-ray and x-ray techniques together, all major elements, the 
radioactive elements Th, U, and K, and certain trace elements, especially H, can be ana- 
lyzed with good sensitivity and reasonable accuracy. This is a sufficient data set for 
most (but not all) investigations in geochemistry and planetary evolution. For asteroids 
there are two possible mission modes. 

The largest objects, of diameter hundreds of kilometers, appear to be at least 
rather closely spherical. Their gravitational acceleration is such that injection and 
maintenance in orbit seems practicable (to a chemist). It also seems worthwhile. Al- 
though there are as yet no positive indications of regional differences of composition, 
our knowledge of the Moon, and of the variations in visible and IR spectra among asteroids, 
suggests that this is likely. 

The smaller asteroids, below some size limit, will not be so easy to orbit. Perhaps 
they will also be more homogeneous in composition. However, if they are fragments of 
larger bodies, they may allow us to sample a vertical profile of differentiation. This 
would be very exciting. Technically, the operations people will have to tell us how to 
"station-keep" around diffe.'ent parts of the surface, to get the necessary geochemical and 
geophysical data. 
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The current experimental technique for gamma-ray spectrometry follows closely that 
Jescribed in Haines et at. (1976). Abundances appropriate to less differentiated bodies-- 
cioser to or identical with chondritic patterns--would modify their Table 1, which is 
reproduced here, but yield no surprises. At greater distances from the Sun the cooling of 
the Ge detector becomes easier. The one new development is the demorstration by Haines 
and Metzger (1978), using Apollo gamma-ray data, that deconvolution of instrument areal 
response, to get closer to the true source map, can be made practical. If this car. be 
done with these comparatively noisy, low- resolution data, we should be able to do much 
better in any future mission. Thus the limitation of areal resolution to a value close 
to the altitude of the spacecraft above the surface can be removed. Resolutions as good 
as one- third or one- fourth of the altitude .nay be attainable, for sharply contrasting 
chemical provinces. 


Table 1. Calculated Lunar Sensitivity Limits with 
80-cm^ Germanium Detector at 100-km Altitude* 


Observing Time Lunar Soil Types 


1 hr 10 hr 100 hr Highland KREEP Mare 
3aMDL 3aMDL 3cMDL (A-16) (A-14) (A-11) 


Th ppm 
U opm 
K % 

Fe X 
Ti % 

Si % 

0 X 
A1 J 
Mg 
Ca 
C 

H % 

Na ^ 

,Mn ^ 

Ni 

Cr % 

S 

r 1 a 

L I 

Lu ppm 
Gd ppm 


0.52 

0.12 

0.028 

7.2 
0.90 

3.4 

6.5 

5.5 

3.0 
20 

5.4 

0.75 

1.0 
1.8 

1.2 

4.1 

7.3 
0.26 

11 

250 


0.17 

0.039 

0.0087 

0.70 

0.23 

1.1 

2.1 

1.8 

0.95 

6.2 

1.7 

0.24 

0.32 

0.56 

0.38 

1.3 

2.3 
0.081 

3.5 

80 


0.052 
0.012 
0.0028 
0.22 
0.090 
0.34 
0.65 
0.55 
0.30 

2.0 
0.54 
0.075 
0.10 
0.18 
0.12 
0.41 
0.73 
0.026 
, .1 
25 


2.11 

0.58 

0.096 

4.0 

0.34 

21.1 

45.0 

14.4 

3.3 

11.2 

0.0015 

0.350 

0.054 

0.045 

0.075 

0.060 

0.0012 

0.5 

7 


14.0 

4.0 
0.430 

8.0 

1.0 

22.5 

44.2 

9.2 

5.60 

7.60 

0.004 

0.470 

0.100 

0.040 

0.13 

0.10 

0.010 

3.2 
35 


2.1 

0.55 

0.115 

12.3 

4.6 

20. C 

41.6 

7.10 

4.60 

8.60 

0.007 

0.32 

O.IC 

0.024 

0.195 

0.10 

0.003 

1.6 

17 


♦Haines et al. (1976). 


For x-ray spectrom., I: v, proportional counters still appear best, although the other 
detectors mentioned have not been ruled out. An improved solar monitor, using a glass 
test panel of known composition, inserted periodically into the field-of-view, should 
markedly improve precision and ease of interpretation. Th« ►•esolution element on the sur 
face can be narrowed, as m the Apollo experiments, by passive shielding. The lower flux 
of solar x-rays found in the asteroid belt will slow up the gathering of statistics, but 
not in a troublesome way. 
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A critical fact about the gamma-ray system is that its sampling depth Is or, the order 
of tens of grams per cm^, or tens of centimeters at low density. It Is Imoortant to es- 
tablish, If possible, the mean thickness of the regollth on target objects, and the frac- 
tion of "bare" area on this scale. There are plausible arguments that the smaller target 
objects, at least, should have regollths thinner than t.ils, and perhaps consldcable areas 
with no visible covering. We c-.iinot yet be certain. 

It seems to be agreed at this meeting that multipie-target missions are to be pr<?- 
ferred. This Is certainly true fron. the geochemical point of view. It is also ImuOftant 
that other observations require (or prefer) substantial st^^v times at each object. This 
Is Important for gamma-ray spectrometry— much less so for x-ray analysis. 
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DISCUSSION 

ECONOMOU: Can you describe the lensitivity and measurement accuracy of the gamma-ray 

technique tor various elements^ 

ARNOLD; For all the najor elements listed in Table 1 and for long stay times, the sensi- 
tivities are certainly better than 1- of that element--it differs from element to 
element depending on the detection limit. I think there will be an improvement in 
accuracy with the germanium system. If w( normalize to an element like silicon or 
oxygen, the accuracy for the elements that are well -determined is certainly on the 
order of 5i relative or somewha* ' ^tten. For asteroids that are irregular in shape, 
the geometrical corrections ai uifficult, so placing everything on an absolute basi' 
may be a little tricky. But if we normalize to a major element and nrte that every- 
thing has to sum to 100"-, tnen 1 think we can get an i ron-to-si 1 icon ratio and similar 
ratios to better than 5i. 

ELONOMhU: Do you require ground truth to normalize your results.' 

ARNOLD: Well, ground truth is always very desirable. The normal i zation question has to 

be answered differently for radioactive elements than for the major elements. In the 
case of the radioactive elements the decay constants are very well known. Th;s, one 
can just normalize them as closely as one pleas^. without ground truth. In the case 
of the other elements there are nuclear physical parameters, cross sections, which 
can be uncertain by 10-15' in the best measurements. I don't know if they will be 
determined better than that by the time this mission f’ies. In the case of the Moon 
we have applied ground truth factors in order to obtain more reliable analytical re- 
sults. Why not use the Moon as ground truth because we have flown the Apollo mission? 
You can do that, but <e used what is by present day standards a rther inferior instru- 
ment, so that corrc.tion might not be good enough. For scn-e elements where you have 
both ;he x-ray and gartna-ray methods, you can compare one to the other. Were we lucky 
enough to get a gamma-ray spectrum from orbit and to have an alph.. expe.’rent on the 
ground, such a comparison, I think, would be fruitful for both. So the question of 
normal i zation does introduce some potential problems among the major elements. 6u, I 
think these are the different ways of attacking ;t. 

FANALE: The solar-induced x-ray flux is lower in the asteroid belt. Does this cause 

problems for the x-ray syscem? 

ARNOLD: The counting limitations of the x-ray system are much less than those o'" . 

gamma-ray system. Both ca,i use all the time we can get. I am terribly gla' t.,- ■ ,,-,e 
optical people say rhey wart to be around for a long time, to take some of pres- 
sure off of us. Th,. unit of x-ray data which was processed on the Moon is e ‘ t 
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8 or 16 sec. Multiply that by nine, to account for the decrease in solar flux at 
3 AU, and you still have plenty of time to collect the desired data. Having both 
ganma-ray and x-ray experiments is useful for cross-checking and for improving the 
aerial resolution by passive sl.ielding of the x-ray detectors and for the possibility 
of comparing the mean composition over a 30 cm depth, to that over a fraction of a 
millimeter. 

FANALE: Would you say something about carbon and hydrogen? 

ARNOLD: A very good point, ’’ecause people are much more aware of the lunar work we've 
done, the sensitivity to carbon and hydrogen is perhaps not well known. The sensi- 
tivity to hydrogen is enormous for gamma-ray techniques, easily 0.1". One sees hydro- 
gen in two ways, as a neutron capture line, and it changes the neutron spectrum in 
radical way. If you had U water of hydration, if you had a rock as wet as the typi- 
cal crustal basalt or granite on the Earth, then you would have qualitative changes 
in the r tios and intensities of certain lines. This also extends the depth range. 

One is really looking down a couple of meters, because the neut'"in economy is the 
thing that determines it. We are about as sensitive to carbon as we are to most 
other elements. There is a 4.4 MeV line. I would say the sensitivity is a percent 
or a Traction of a percent. The amount of carbon found in the Cl or C2 meteorites 
would be no problem. 

McCORD: This is a case where two techniques, the optical and the higher energy techniques, 

coiUDlement each other. Carbon and opaques, for example, are materials we have diffi- 
culty distinguishing optically. Measuring them lixe this we can very quickly el'mi- 
nate ambiguities. 

CHAPMAN: For the smaMr V'^egular asteroids you are limited in your resolution to some- 
thing like a tenth "adius simply by the necessity of being far enough away that 
you are not hit by a mu-ntain. That resolution nevertheless seems good to me. 

ARNOLD: For a larger object like Ceres or Vesta, we would certainly want to map from 

orbit. That is the way to get the ultimate aerial res lution and to work together 
with the other techniques. For tl.e smaller ones, if you are doing station-keeoing, I 
think you would want to concentrate on particular interesting features. 

NIEHOFF: I would like to comment that the way in which one generates coverage, even though 

you are orbiting, is not in the traditional sense you think of for LPO, for example. 

The asteroids are spinning more rapidly than your orbit period, so you essenciall” 
peel them like an apple. The same .hing happens at a smaller object the stat 
keeping mode. That is, the object wi,n't hold still for you unlesj you go into a 
synchronous orbit about it so you can do long duration observations of specific spots. 
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SOME IMPORTANT IMAGING GOALS FOR ASTEROID MISSIONS 


JOSEPH VEVERKA 

Laboratory for Planetary Studies 
Cornell Univereity 
Ithaca, Neu York 148S3 


This paper discusses five important objectives for any imaging 
experiment on a ture asteroid mission, based on our current 
prejudices of whac asteroids are like. These prejudices are 
based on extrapolations from other bodies whose surfaces have 
been studied at close range by spacecraft {most notably the 
Moon, and the two satellites of Mars) and on numerous indirect 
inferences. Imaging provides the most direct means of verify- 
ing whether actual asteroids conform to our current view of 
what they ought to be like. 


INTRODUCTION 

This paper outlines five major imaging objectives of any serious asteroid mission. 
They are: 

1. Determination of volume, mass and mean density 

2. Search for surface inhomogeneities 

3. Characterization of asteroid regcliths 

4. Comparative study of cratering mechanics 

5. Characterization of non-crater surface morphology on objects of 
different compositional i,ypes. 

Of these major objectives, the first two are of fundamental and crucial importance to our 
understanding of the nature of evolution of asteroids. The first is properly an imaging 
objective, since to determine an accurate mean density one needs not only the masi, but 
an accurate volume. 


DETERMINATION OF MASS, VOLUME AND MEAN DENSITY 

Probably the most important task of any asteroid mission is to determine the object's 
mass and volume. If both determinations are made accurately, to within +10%, a useful 
me^n density p can be obtained. The obvious importance of ^ is that it tells us about 
the interior composition of the asteroid and appears to be the most direct means of remotely 
determining anything about asteroid interiors. 

The Viking experience with Phobos and Deimos (Tolson tt at., 1978) as well as studies 
made by the hornet Halley Science Working Group (Belton, 1977) prove that it is feasible to 
obtain accurate masses and accurate volumes, even for very small bodies (radius il km). 

In the asteroid context it will be essential to image the asteroid at high resolution long 
enough on either side of .. unter to be able to determine its shape and dimensions accu- 
rately. (As typical aster.", j rotat’on periods are 6-8 hours, the above requirement should 
bj easy to meet.) High resolution images will also be useful during a flyby for determin- 
ing the distance of closest approach which is needed in order to determine the mass. Of 
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course, the distance of closest approach can be determined even more accurately given an 
on-board radar. 

Given an accurate value of p, one has obtained some information on the possible bulk 
composition of the asteroid. As shown in Table 1, knowledge of p to or better is 
very useful for distinguishing differences in bulk compositions. Some of the important 
questions that can be answered once p is known are; 

1. Hou representative are asteroid surfaces of the interiors? 

Surface compositions can be inferred from remote sensing; mean 
compositions from p". What classes of asteroids have surfaces 
representative of the interiors? What classes of asteroids 
have differentiated interiors? For a given class this might be 
a function of asteroid size (radius). What is the critical 
radius.' 

2. Are there large metallic cores among the asteroids? Chapman 
(1974) suggested that certain large asteroids were stripped- 
down metallic cores of larger parent-bodies. Such bodies 
should have high mean densities. Knowing with certainty that 
100-200 km metallic cores did form in the asteroid belt would 
be important information. 

3. Are there small, lou density objects in the asteroid belt? 

If soi.ie small asteroids (1 £ r < 10 km) are present which 
are not fragments of much larger bodies, then it is conceiv- 
able that some may have very low densities (p << 2 g/cm^). 

For example, finding a p -v 1 g/cm^ object would not only indi- 
cate that this is probably a primitive object but would provide 
information a'lout the accretion mechanism of small bodies. 

It should be noted that sophisticated measurements could yield data on the mass dis- 
tribution within the object. It would be of interest, especially for small irregular 
,asteruids, to see whether the mass distribution is homogeneous (t.e. , do the centers of 
figure and of mass coincide?). Large density inhomogeneities in the case of a small, 
irregular asteroid would indicate that it is a fragment of a larger, differentiated ob- 
ject, or that it is an accretional composite. 


Table 1. Densities of Meteorites (after Wasson, 1974) 


Meteorite Type 

Density (g/cm’) 

Carbonaceous Chondrites 
Cl 
r 

• V, CO 

2.2 - 2.3 
2.6 - 2.9 

3.3 - 3.6 

Ordinary Chondrites 

3.4 - 3.6 

Enstatite Chondrites 

3.5 - 3.8 

Achondrites 

3.1 - 3.4 

Stony- Irons 


Irons 

^-7.9 
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SEARCH FOR SURFACE INHOMOGENEI lES 


High resolution imaging is needed to look for evidence of variation in: 

1. morphology 

2. texture 

3. composition 

4. age 

over the surface of an asteroid at various scales. Surface morphology can be character- 
ized in terms of the types of surface features visible; differences in surface texture can 
be determined by photometry; differences in surface composition can be searched for by 
means of color measurements; differences in age can be found from crater counts. 

Such variations could arise from internal activity. It is clearly very important to 
look for evidence of internal activity on the surfaces of 100-200 km asteroids and to 
study the style of this activity and determine the time of its occurrence. There is strong 
evidence that "lava flows" have occurred on the surface of Vesta (Drake and Consolmagno, 
1977), but are the surfaces of snwller asteroids totally devi id of any traces of internal 
activity? 

Surface variations could also arise from large cratering events and from spallation 
(i.e., knocking away a significant fraction of an asteroid during a catastrophic impact). 
Current prejudice holds that in the case of large asteroids such severe impacts were common 
only during the first 1 billion years or so of the solar system's history. Thus, we 
shouldn't expect to see any evidence of "recent" large-scale impacts on the surfaces of 
asteroids, but this is still worth checking into. 

Variations in surface composition could also be evidence for fragmentation from a 
large parent body. For example it would be of great interest to definitely establish that 
some 50 km asteroid was once a fragment of a much larger parent body. 


CHARACTERIZATION OF ASTEROID REGOLITHS 

Our present understanding of how regoliths arc generated and maintained on small 
bodies is very poor. There is good evidence that asteroids as small as 1 km in radius 
have some sort of regoliths, while the two satellites of Hars are known to have well- 
developed regoliths even though the objects are only some 10-20 km across {c.g. , Veverka, 
1978). The ability of a body to retain a regolith should be primarily a function of sur- 
face gravity and hence of the body's size. However, laboratory exoeriments suggest that 
the na*ure of the -.'irface may also play an important role in the evolution of regoliths 
(e.g. , Chapman, i ’'^). Thus, an important advance in our understanding of regoliths would 
occur if we could compare the surface characteristics of: 

1. Two asteroids of simila*- composition but of vastly different 
size. For example, two S objects, one with a radius of 5 km, 
the othei with a radius of 50 km; 

2. At least two asteroids of comparable size (actually similar g) 
but of widely different composition. For example, a C object 
and an M object; or a C object and an S object. 

The only small objects for which we have iirect infor tion about the surfaces are 
the two satellites of Mars. However, it has been argued that the surfaces of these two 
bodies may not be representative of those asteroids of similar size since Phobos and Deimos 
are in the potential well of Mars. Soter (1972) has argued that this circumstance helps 
the two nurtian satellites recapture a significant fraction of the ejecta thrown off their 
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surfaces by impacts. The investigation of a single 20 km C asteroid would resolve ♦his 
issue once and for all. A second-order investigation which would help our understanding 
of how regoliths are retained on small bodies would consist of comparing the surface 
properties of two asteroids of similar size and composition, one of which is nearly spher- 
ical and has a long rotation period, while the other is irregular and has a short rotation 
period. 

A first order characterization of regolith properties can be obtained by means of 
photometry and high resolution images. Photometry will give information on the texture 
of the surface and on the lateral homogeneity of the regolith. High resolution images 
should reveal the presence or absence of ejecta blocks, filling-in of impact craters, and 
possible near-surface layering exposed in crater walls. From the morphology of small 
craters one should be able to determine the regolith thickness as was done in the lunar 
context by Quaide and Overbeck (1968). 


COMPARATIVE STUDY OF CRATERING MECHANICS 

The mechanics of high velocity impact cratering are not perfectly understood. It 
appears that gravity effects have a dominant influence on crater morphology (given a cer- 
tain impact energy) but mechanical characteristics of the target material are also impor- 
tant. Hartmann (1972) has proposed a gravity dependent crater morphology sequence in 
which crater morphology scales essentially as g‘*. Thus, for example, Hartmann proposes 
that central peaks will occur in craters 10 times smaller on a body whose g = 100 cm/sec‘ 
than on the surface of one whose g = 10 cm/sec^. Other gravity effects have been discussed 
by Gault et at. (1975) in the case of Mercury and the Moon: for example, semicontinuous 

ejecta blankets should occur closer to the crater rim if g is high. Comparative studies 
of the crater morphology on different asteroids provide a unique means of testing such 
gravity scaling ideas, as well as the possible importance of the mechanical properties of 
the target material. 

Ideally, one would like to compare the morphology of craters (depth/diameter ratio, 
diameter at which central peaks occur, extent of ejecta blankets, height of crater ram- 
parts, the occurrence and extent of ray systems) on: 

a. asteroids of similar surface g, but very different surface 
composition [e.g., a C object and an M object); 

b. asteroids of similar composition ie.g., two S objects) but 
with very different g's {e.g., 20 cm/sec’, and 2 cm/sec^). 

Such experiments, especially when compared with previous results on the larger planets and 
on Phobos and Deimos would provide a crucial test of our unoerstanding of impact cratering. 


CHARACTERIZATION OF NON-CRATER SURFACE FEATURES 
ON OBJECTS OF DIFFERENT COMPOSITIONS 

Interesting non-crater surface features almost certainly occur on the surfaces of 
some asteroids, and contain important information about the evolutionary history of these 
objects. Three possible examples are: 

1. Lava ficus on objects uith achondritia surfaces. The style, 
extent and age of such flows are of great interest, as is any 
evidence of the possible flooding of large craters. 
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2. Groove patterns associated with large craters on small C objects. 

It has been suggested that patterns of grooves similar to those 
found on Phobos may be common on the surfaces of many smal 1 , 
mechanically weak asteroids (Veverka et al. , 1977). Any evi- 
dence of internal modification of such grooves would be of great 
Interest. 

3. Unusual surface features on M objects? In view of the malleability 
and high tensile strength of nickel -iron, one might expect some 
unusual morphology on the surfaces of M objects, if they are truly 
metallic. 


CONCLUSIONS 

The above list of imaging objectives is seriously ’imited by our lack of knowledge 
of what asteroid surfaces are like. It is true that on» can extrapolate to some extent 
from past experience with the Moon and especially with I hobos and Deimos, and one can even 
bolster these guesses by intelligent theoretical reasoning. Nevertheless, it is this 
author's opinion that no one is clever enough to imagine what the surface of any particu- 
lar asteroid is really like. The only way we will ever find out is if we send our instru- 
ments there and look. 
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DISCUSSION 

MATSON: Is measurement of density the only way to get internal structure? 

VEVERKA: Density is the only practical way I see in the next 20 years. It is much more 
difficult to do a seismic experiment. You have to lard a seismic net. I don't be- 
lieve we can do that now. 

FANALE: You made a very optimistic statement that we would find out something about zonal 

structure from tracking. 

VEVERKA: It is a difficult thing to do and depends, in part, on being lucky. 

MORRISON: Could you put the mass determination in a little better perspective for me? 

For objects tne size of Ceres and Vesta, it is quite easy to determine mass by going 
into orbit. But for a kilometer-size comet nucleus, it is hard. Where does the 
crossover take place and how do you go about making accurate measurements for small 
bodies? 

VEVERKA: My impression is that for all rendezvous missions mass determination is a rela- 
tively trivial matter. Nor am I suggesting that in the case of Ceres it will be dif- 
ficult to determine the volume. Most of what I have been saying about the need to 
measure volume accurately really applies to the smaller main belt asteroids where it 
is difficult to determine the volume because of their irregular shapes. 

ANDERS: Could you distinguish complex accretionary structures from those produced by 

later, very large-scale brecciation events caused by inter asteroid collisions? 

CHAPMAN: There is a big difference in the velocity regime at which the impact has taken 

place. During accretion the velocity must have been much smaller. 

SHOEMAKER: In the context of this meeting, I don't know anything that we could learn 

about accretionary structures with the optical resolutions that have been discussed 
here. I am convinced that if you could really investigate a small body with the same 
techniques used in manned lunar missions, it would be extraordinarily interesting. 
Many questions could be addressed. You could take a proper sample and images with a 
wide range of scales which would enable us to address the question of accretionary 
structures. Right now I can't give you any of the definitive criteria, but I have a 
hunch that interesting structures at the scales of tens of centimeters, meters, and 
tens of meters are there to be found. 
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The possibility and desirability of science on hard lander 
missions to asteroids are examined using the Westphal Pene- 
trator Study a: a basis. Imagery and chemical information 
appear to be the most significant science to be obtained. 
The latter, particularly a detailed chemical analysis per- 
formed on an uncontaminated sample, may be necessary tc 
unequivocally answer questions about the relationships of 
asteroids to meteorites and the place of asteroids in 
theories of the formation of the solar system. 


INTRODUCTION 

A few philosophical comments arc perhaps pertinent relative to the general subject of 
this workshop: the study of asteroids. There is a frame of thinking about all uninvesti- 

gated objects of the solar system that relates them to the meteorites that we have avail- 
able for intensive study in our laboratories. This is certainly a practical zero order 
framework--meteorites do represent a rather diverse set of objects, ano, as previous papers 
have shown, optical observations provide correlations that allow classification of aster- 
oids into types that might correspond to the meteorites we liave in the laboratory. 

On the other hand, it may be recalled that none of the three solar system objects that 
we have investigated intensi vely--the Earth, Moon, and Mars--have turned out to be simply 
related to any meteorite class. This, in spite of speculations about the Moon and Mars, 
previous to their intensive investigations, that tended to follow the same pathways as the 
present discussions about asteroids. 

Thus, without minimizing the meteorite framework of thinking about asteroids, let us 
keep our minds open for the types of surprises that were uncovered in the investigations of 
the Moon and Mars. 

Similarly, a more detailed framework of thinking about the solar system is built about 
the idea of volatility, or inversely, condensation. Whether or not this turns out to be 
fundamental, it is useful in focusing attention on the concentrations of a few key elements. 
At the same time, here too, we should not restrict ourselves at this stage to analyzing just 
for these mauic key elements, or we run the danger of missing the important new knowledge 
that the study of new objects may provide. 
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A second general point, with specific relevance to the topic of this paper, Is the 
role of hard landers In the study of an extraterrestrial object. A general classification 
of Investigations of such objects might be ordered as In Table 1. 


Table 1. Classification of Extraterrestrial Object Investigations 


1. Earth-based Studies 

2. Studies from Near-Earth Orbit 

3. Flybys 

4. Object Orbiters 

5. Hard Landers 

6. Soft Landers 

7. Sample Return 


In this list, there is some experience relative to each of these modes of exploration 
except for Number 5. Thus, the topic of this paper has less concrete data to support it 
than many others in this workshop. The authors have k.nowledge of only one intensive study 
of th possibility of doing science on hard landers, namely the Final Report and Reaormen- 
dationa of the Ad Hoc Surface Penetration Science Conti, i 'otee (Westphal , 1976), which was 
directed mainly towards Mars exploration. 

Rest Position 
^ 1 : 


Surfocebroke Contact 


Impact- 
; V«I50M/S 


II 


Umbilical 



Fig. 1. Sequence for penetrator emplantation. 
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In addition, there have been less extensive studies of other hard lander types of 
missions; we will base our remarks on the possibilities of science using penetrators-- 
objects that are dropped from an orbiting or flyby type of vehicle, which have sufficient 
braking power to reduce their Impact velocity to about 0.1-0. 2 km/sec. The penetrators 
typically will consist of two parts--a forebody which Is a torpedo-type object which pene- 
trates and comes to rest 1-10 m below the surface and which contains most of the science 
payload, and an afterbody which remains on the surface, provides communication with t!ie 
mother vehicle (or Earth), and has minimal science (Manning, 1977) (see Figure 1). 

The figure shows a schematic mission sequence considered by the Uestphal Committee 
for a Mars Penetrator. Table 2 (again from the Westphal report) shows nominal Mars Pene- 
trator characteristics. Note the small science payload--? kg--that presumably will always 
be characteristic of such hard landers. 
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One more comment about penetrators as a specific type of hard lander; one of their 

characteristics is that they examine material that is some distance (1-10 m) below the 

surface. This has special science implications and is in contrast to the type of infonna- 
tion obtaired by optical and x-ray techniques, either from Earth or on flyby or orbital 

missions. The topmost surface of . n extraterrestrial object mai/ be modified so as to be 

significantly different fro' that of the material ieeper down. This modification may be 
due to interaction with the atmosphere or with interplanetary radiations or particles, and 
may produce both physical and chemical effects. An example is the permafrost expected by 
many to be present below the surface of Mars, whereas the surface examined by Viking was 
very dry. Penetrators are especially suited for detecting such effects. 

A final general comment might be made about the appropriateness of hard landers in 
the study of asteroids. An important characteristic that has been established about aster- 
oids is that there are several significantly different types, as judged by the observa- 
tional techniques available so far (McCord, 1978; Morrison, 1978). Thus, asteroid missions 
in the foreseeable future are typically thought of as invulving investigation of several 
asteroids--three, four, or more--on the same mission. Since such a mission may very well 
involve a flyby or relatively short-term encounter with each asteroid, there is a premium 
on the type of science that r n be performed on several asteroids. The emplantation of 
one or more penetrators on e ;h asteroid as the mother vehicle passes by is an attractive 
feature of a mission carrying penetrators. It could provide much more information than 
could be obtained by remote sensing; also, it would not have the weight requirements of 
la"ding a Surveyor or Viking type spacecraft on each asteroid. 

Before going into the science possibilities, the authors must make the obvious caution- 
ary statement: the only practical and engineering aspects that have been considered are 

the assumptions that the Westphal Penetrator study--di rected toward Mars--rep>'esents a 
zero-th order approximation for the capability of a hard landing science mission to aster- 
oids. 


POSSIBLE HARO lANDER SCIENCE 

In considering the possible scientific results that might be achieved o; a penetrator 
on an asteroid, this paper starts from the results of the We'-tphal Conmittee. Table 3 
lists (with a little adaptation) the tyotS of measurements that are considered practical on 
such a mission. 


Table 3. Possible Asteroid Ha^'d Lander .cience 
(after Westphal , 1976) 


Probe Forebody 
Seismicity 

Chemical Loniposition 
Hydrogen/Water Measurements 
Heat Mow 


Detachable Afterbody 
Imagery 

Near- Space Environment 
Magnetic Properties 


The Westphal Conmittee considered it practical to have some i, 'aging capabilities on 
the afterbody, even though the acceleration experienced would bt appreciably greater than 
on the penetrator foreboay itself. The height from which pictures could be obtained would 
be small, but the scientific information would be significant. It would bear not only on 
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the piocesses occurring on the asteroid surface {e.g. , critering, presence or absence of a 
regollth) but also could affect the Interpretation of renote sensing measurements such as 
radar reflectivity. 

Measurements could also be made In the afterbody on the near-space environment of the 
asteroid. For example, the steady-state presence of gases and Ions could provide informa- 
tion on the degassing of the object even if no, or m.nimal, mass analyses were Involved. 
Similarly, the presence of magnetic material on the Su face of the asteroid could be estab- 
lished (to the level performed by Surveyor or Viking) using primitive imaging capabilities. 

The deceleration profile on the forebody probe of a penetrator as it came to rest in 
the subsurface material should be a very sensitive distinguishing indicacor between the 
different classes of meteorites that are proposed as models for asteroids (pallasites, 
ordinary chondrites and carbonaceous chondrites). In fact, planning for the complete range 
of mechanical properties represented by such models may represent a significant constraint 
on a mission planning to go to different asteroids. 

The emplantation of a seismometer by penetrators has, in the past, been a prime reason 
for advocating such missions to terrestrial type bodies. The usefulness of seismometers on 
asteroids is not so obvious. The very low seismicUy of the Moon, and the paucity (if any) 
of res. 'Its from Viking cr Mars, make dim the prospects for signals from an instrument on an 
asteroid. Before dismissing such measurements completely, however, more complete analysis 
should be made of the possibility that seismic signals on an asteroid would be et hanced due 
to, for example, an increased frequency of impacts by nearby massive objects. Also, the 
engineering possibilities of obtaining significant seismic informat' 'n by setting off ex- 
plosive charges on an asteroid after seismometer emplantation should be examined (Wood, 
personal communication, 1978). 

Perhaps the most significant scientific result that ^ould tOme from a penetrator- type 
mission to an asteroid would be the more complete chemical character! zation then can be 
deduced from either Earth-based, Earth-orbit or flyby observations. As indicated in the 
introduction, such remote observations pr .ide the first gross classification of an obiect 
from information either about the most abundant minerals or about some soecific chemical 
eV'-ents that are identified (Haines et al., 1976). The experierc- on the Moon and Mars ha: 
shown that a complete chemical analysis provides surprises and details not obtainable by 
such remote sensing devices. Of coui ■>, the ultimate technioue--samp1e return--can be ex- 
pected to be even more productive, es;. .‘daily as regards chronolog'cal and other isotopic 
information. 

Because of the potential of this chemical ayprooch, it is vorth focusing on some prar- 
tical details as well as on some detailed results that right be expected. 

Table 4 summarizes the techniques that have been conside>'ed for a penetrator- type 
mission for studying the chemical composition and chemical scate of the material around an 
emplaced penetrator. In all foor cases, there is some evidence that the hardware involved 
can survive tne decelerations involv'd in emplantation. the first two techniques . oasure 
the bulk properties of the material surrounding the penetrator. .'he last two require the 
acquisition of a sample. Because the emplantation proces: modifies somewhat both the 
physical and chemical state of the material ju«t o'jtsice tne penetratnr, dr-iil, or other 
means of obtaining an unaltered sample, is needed. Some wo-k has been done indicating that 
such a sample acquisition system is practical. In the case ■'f ha>-d laiders other than 
penetrators, this uncontaminated sample acquisition may be even simpler to a-complish. 

The in eitu gi'ima-ray measurements, if possible, are among the simplest that might 
be performed on a penetrator (Metzger and Parker, 1976). The presence of a nearby RTG 
source of neutrons and ganma-rays can be either a hazard or a benefit. In r’c-onest 
experiment of this type, data would be obtained on the potassium and radioxcti' e heavy 
element concentrations of the nearby material, "^he results should allow a discrimination 
at least between the pallasite and chondrite models of the asteroids. More generally, 
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Table 4. Possible Techniques for Studying Chemical State and 
Composition on Penetrator Missions to Asteroids 


1 . In aitu Gamma-Ray Measurements 

a. "Natural" Radioactivity of Surroundings (K, Th, U) 

b. Nuclear Processes Induced by Cosmic-Rays or RT6 Neutrons 
(e.g. , 0, Si, Fe, H) 

Thermal Neutron Measurements 
(Sensitive to H) 

3. Chemical Analyses of Procured Sample 

(All princip ’ chemical elements except H; selected minor and 
trace elements.) 

4. Analyses of State of Water in Procured Sample 

("Free-water," absorbed water, water of hydration, chemically 
bound water) 


'|v I 


they would provide data on the concentration of a relatively volatile element, potassium, 
and of the refractory elements, uranium and thorium. In addition, the data would bear on 
the radioactive heat production in the asteroid. 

If the gamma-ray measurement could be extended to include, e.g.. Si, Fe and H (making 
use of the neutrons from the RTGs or cosmic-rays), the discrimination between candidate 
meteorite classes would be complete. Again, in somewhat more basic terms, the characteri- 
zation of the asteroid in terms of its position in a condensation type scenario of the 
formation of the solar system bodies would be clarified. 

Another measurement that could provide data on the bulk properties of the matter sur- 
rounding the emplanted penetrator is that of the thermal neutrons present. The RTG power 
sources currently considered for penetrators produce some 10^ neutrons per second. This is 
the range of intensity that has been used in terrestrial applications of hydrogen determi- 
nation by neutron moderation techniques (e.g.. Long and French, 1967). It is expected 
that this technique could determine hydrogen with a sensitivity of 0.05% by weight (water 
content down to 0.5% by weight) although, of course, it would not distinguish between hy- 
drogen in the form of water and that in the form of carbon compounds. Both forms would be 
indications of carbonaceous chondrite material, or more basically, of the presence of very 
volatile constituents in the body. In terms of possible eventual uses of asteroids for 
self-sufficient extraterrestrial activities, the availability of hydrogen is an extremely 
important resource. 

More complete chemical characterization of a sample on a hard lander mission depends 
on the acquisition of an uncontaminated sample. As mentioned above, this does not appear 
to be an impossible objective, particularly for a body that is not appreciably harder than 
a basaltic rock. Miniature hardened instruments appear to be available to perform rather 
complete chemica. analyses of such a sample. A currently considered instrument would use 
an alpha particle technique for the light chemical elements and x-ray detection for the 
heavier elements. 


t 
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Table 5. Chemical Analyses on Hard 

Lander Missions to Asteroids 

(Expected accuracies (at 90? confidence 
limit) in weight percent for principal 
chemical elements*) 

Element a + p + x-ray Modes 


C 

0 

Na 

Mg 

A1 


± 0.2 
± 0.7 
± 0.2 
i 0.8 

± 0.4 


Si 

K 

Ca 

Ti 

Fe 


± 1.2 
± 0.2 
± 0.2 
± 0.15 
± 0.4 


^From Economou and Turkevich, 1976. 


Table 5 gives the presently considered achievable accuracies of such analyses for the 
principal chemical elements (Economou and Turkevich, i976). The accuracies are such that 
(especially if a separate hydrogen determination is made), more than 99% of atoms in the 
sample will be identified and determined, a reasonable normative mineral composition can 
be deduced, as well as the state of oxidation of the system. 

Thus, the material examined would be characterized considerably beyond the meteorite 
classification and even beyond that achieved on the Surveyor missions to the Moon, cer- 
tainly beyond that achieved on Viking. The establishment of the major constituents would 
permit more soundly based interpretations of the abundances of the minor and trace elements. 

Table 6 gives examples of the sensitivity considered achievable by present day instru- 
ments for minor elements (Economou and Turkevich, 1976). These sensitivities depend some- 
what on the state-of-the-art of semiconductor x-ray detectors which is continually improv- 
ing. Better sensitivities may well be achieved by the time an actual asteroid mission is 
undertaken. Even the present sensitivities provide examples of chemical elements (e.g. , 

C, K, Ti, 7r), whose abundances are used to characterize condensation conditions at the 
time of formation of solar system bodies. 

In conclusion, it is likely that remote sensing measurements will not answer defini- 
tively very important question*- about the nature of asteroids, their history and relation- 
ship to other bodies of the solar system. In situ chenical analyses are probably required 
to establish conclusively the relationships of asteroids tc the meteorites with which they 
are frequently compared. Such analyses will also be needed to place asteroids in the con- 
densation scenario often invoked for the history of the solar system. It is by such more 
complete chemical analyses that the spectral characteristics of the Moon and Mars have been 
established and it should therefore be a good bet that asteroids will likewise provide new 



and intriguing data. 


Even such in situ measurements, however, are not likely to provide the isotopic data 
needed to establish the chronology of asteroid formation and of their exposure to the space 
environment. Nor will it be possible to place them in the hierarchy of oxygen isotope anom- 
aly systematics that is emerging fcr solar system bodies. For such data, returned samples 

appear to be required. 
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Table 6. Chemical Analyses on Hard Lander Missions to Asteroids--Examples of 

Expected o + p + x-ray Sensitivities for Minor Elements, Evaluated for 
a Basalt Matrix Using Alpha and Auxiliary Sources^ 


Element 

Sensitivity 
(Weight %) 

Element 

Sensitivity 
(Weight %) 

H^* 

0.03 

Rb 

0.001 

N 

0.2 

Sr 

0.001 

F 

0.05 

Y 

0.0005 

P 

0.2 

Zr 

0.0005 

S 

0.1 

Ba 

0.001 

Cl 

0.1 

La 

0.001 


0.07 

Ce 

0.0008 

V 

0.03 

Nd 

0.0008 

Cr 

0.02 

Sm 

0.0005 

Mn 

0.03 

Pb 

0.005 

Ni 

0.02 

Th 

0.005 

Cu 

0.02 

U 

0.005 

Zn 0.02 

^Frorn Economou and Turkevich, 1976. 

^Using thermal neutron detection techniques. 
^Sensitivity for K expected in the presence of a 

few weight » of Ca. 
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DISCUSSION 


ARNOLD: A comment on the list of penetrator instruments. This paper reinforces my Im- 
pression that the combined alpha instrument is best for penetrator use. There is a 
potential instrument being developed by Trombka using a pulsed neutron source which 1 
think can make the gamma-ray experiment more attractive than the simple gamma-ray 
experiment described here. The biggest disadvantage of this gamma-ray experiment is 
that you can't use a germanium crystal because temperatures are too high (about l^O^K). 

ANDERS: It seems to me the gamna-ray and alpha-ray instruments are complementary. Gamma- 

ray spectrometry from orbit does a superb job for uranium, thorium and potassium and 
gets regional averages. Then the alpha instrument in turn goes below the regolith, 
and also does considerably better on elements such as calcium. 

ARNOID: I agree if you put the germanium in orbit and the alpha spectrometer down below 

you would indeed have the best of both worlds. We were really discussing the tradeoff 
in the penetrator. I think it would be fantastic if you could put both instruments in 
the penetrator. 

NIEHOFF: How about an x-ray diffractometer? There was a Viking proposal for a small de- 

vice of this type. If mineralogy is that much more important than elemental abundances, 
then some instrument of this type should be looked at. 

FANALE: Mineralogy is in many ways more important because you can take the same mass bal- 
ance and put it, as nature has, in a thousand different crucibles and produce a vari- 
ety of mineralogies. We might be better off spending our money doing a mineralogical 
experiment that is designed to look at the bland materials you find in carbonaceous 
chondrites and which give no x-ray lines on a laboratory diffractometer. So I think 
you ought to think seriously abcit that. 

ECOIWMOU: There are at least two groups working on diffractometers. Detectors are a 

problem; they must have good resolution and must survive penetrator emplacement. 

ANDERS: Under ideal conditions in the laboratory a diffractometer can idetuify adequately 

the two or three most abundant minerals in typical mixtures such as are found in na- 
ture. It cannot cope well with the 1e<;s abundant minerals in such a mixture unless 
they are first enriched by a separation. It probably cannot cope well with regolith- 
type material, containing glasses, amorphous materials, and clay minerals that do not 
give diffraction patterns. 1 think it would be a complete waste of effort to sen* 
such an instrument to an asteroid. 

McCORD: Is there a problem getting enough velocity to emplace the penetrator? 

NIEHOFF: No, it turns out the same tube from which a penetrator was launched at Mars to 

make it deorbit provides enough energy for you to get an impact on an asteroid. So it 
is a fortuitous complementary design. The one system difference is the need for a 
device to maintain the attitude from the time of launch until impact and that weighs 
on the order of 10 kg. 

McCORU: If a penetrator impacts one of these unconsolidated objects, will it go too deep 

and rip the umbilical cord? 

NIEHOFF: Yes, it could. There are design alternatives which could alleviate this problem. 

SHOEMAKER: How does the alpha scattering instrument look at the soil or rock? 

ECONOMOU: The material adjacent to the penetrator is modified by the impact, so to get a 

sample we must penetrate this boundary layer which is a few millimeters thick. We 
have a working prototype oi a device that goes into the soil and brings a sample back 
to our instruments. (See figure below from a report by Turkevich, A. L., Economou, 

T. E., and Franzgrote, E. J. (1977). Adaptation of the alpha particle instrument for 
penetrator mission. In H^'pl'rie of PLptotary Geology Proonvn, I NASA TMX-3511, 
p. 258.) 
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GENERAL DISCUSSION ON SESSION IV 


MORRISON: The final general discussion should focus on mission options and instruments. 

I'd like to begin with the question of the role of sample return. 

SHOEMAKER: We know how difficult it is to land on a planet. It is much easier on the 
asteroids. We are talking about rendezvous with and orbiting many of these objects. 

On the smaller asteroids, the additional energy to go down on the surface with a soft 
landing is trivial. It is not inconceivable to think about landing and retrieving 
samples in early missions. 

NIEHOFF: I think the big problem there is not the energy of doing it, but our technolog- 

ical readiness. We must be careful not to oversubscribe our ability to support in- 
strumentation for both orbital and surface science. 

SHOEMAKER: I couldn't agree with you more. We should not try to do the optimum package 

of all the mapping functions as well as sample return in the same mission. We might 
conceive of two rather different missions, one a multiple asteroid rendezvous mission, 
and one a multiple asteroid sample return mission. 

FANALE: I agree with the interest in the sample return and what I said in my paper is 

that it Is a great thing to do, providing you can develop a concept for a multiple 
sample return without sacrificing the major principle of long stay times and visiting 
a variety of carefully selected objects. 

CHAPMAN: It seems to me that sample return is not justifiable for a first asteroid mis- 

sion. If we limit outselves to what we can do from the Earth, and thinking about 
meteorites and so on, we would not approach the knowledge necessary to intelligently 
select a sample. We probably don't know enough even to plan for a mission to success- 
fully return a sample. So I think any discussion of sample return really ought to be 
in the context of some subsequent mission. 

McCORD: I would agree with that, unless sample return were easy to do and unless the pub- 

lic appeal that would be derived from it is necessary to carry the mission. I don't 
think either of these conditions applies. 

WOOD: I think to start with a sample return mission could be embarrassing. It could, as 

Anders has said, get us a sample exactly like something we have in a museum. This may 
be exciting to us, but it isn't going to appear very cost-effective to the public. 

SHOEMAKER: I would like to take issue with the idea that bringing back a familiar rock 

would be a terrible embarrassment. In fact, 1 would consider it a crowning achievement, 
if we could Identify the source of objects that have fallen on the Earth. Suddenly we 
would be able to relate, unequivocally, two disparate bodies of knowledge, and the sum 
of those two is much larger than the parts. But I think, frankly, our chance of achiev- 
ing that is small. 

ANDERS: It seems that to some extent the sample return and in situ measurements are mu- 

tually exclusive in terms of money, payload, etc. Perhaps our first priority should 
be to design a well thought out mission without sample return, which maximizes signif- 
icant measurements that are likely to give interesting results. To forego this in 
favor of sample return at an early stage would be a mistake. 

WETHERILL: I agree, but I also feel we should find out what the problems of eventual 

sample return really are. We must find out what is needed to know to do sample return 
at a later time, otherwise we are always going to have this hurdle to get over. 

NIEHOFF: That is a good point. In evaluating and establishing the science goals of a 
rendezvous mission, we should consider information needed to plan subsequent missions. 
The things you do for science in most cases support what you want from an engineering 
standpoint. There may be a few extra things you may want to consider as the payload 
is selected. For example, how do I fasten myself to a low-gravity body where there is 
e large amount of regolith, especially if I want to take a core sample? 

MORRISON: We have emphasized the necessity for sampling multiple objects because of the 
heterogeneity of the asteroids. The conclusion I would draw from what you are saying 
is that sample return as a first mission is almost automatically precluded. A sample 
return mission is more complex than a rendezvous, and sending five sample returns costs 
more than sending one spacecraft that orbits five asteroids sequentially. To shift the 
subject somewhat, I would like to ask how we feel about penetrators or hard landers on 
a first asteroid mission? 
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VEVERKA; Can someone tell me what the tradeoffs are? We've seen a number of missions 
which included rendezvous with a number of asteroids. When we include penetrators, 
what do we give up for each penetrator? 

NIEHOFF: For the five-target example I showed, you had enough margin that you could carry 

penetrators to each target and not lose anything. Each penetrator was 75 kg. There 
is another problem, though, namely the cost tradeoff. Roughly, the cost of five tar- 
gets without penetrators is comparable to two targets with penetrators. But let me 
put the cost numbers in the proper context. There is a large cost for the first pene- 
trator ever built, and that cost is included in these values. This is the general 
problem with penetrators. If we can keep the engineering aspects of the design con- 
stant, the repetitive cost, once the first one is made, might be as low as $5 million. 
NASA is still funding penetrator studies. Primary interest is in a seismology and 
meteorology network on Mars. 

WOOD: It seems to me that the requirements for penetrators vary widely from one applica- 

tion to another, and I wonder if you are not compromising some other things rather 
badly by insisting on using one standard model for all planets and applications? 

NIEHOFF: Briefly, what comes out of the design analysis is the fact that nobody can give 
us a very detailed model of any surface we are going to impact. Is it some kind of 
regolith, a vesicular basalt, or some kind of slushy ice? We have to design a pene- 
trator to accommodate a wide uncertainty in what we are going to impact. 

WOOD: It seems to me one thing that we coull do with an asteroid which would really rep- 

resent an advance in our knowledge over what we know about meteorites, would be a 
precise determination of the internal structure of one asteroid. When I say precise, 

I mean a good deal more precise and less ambiguous than you would get by the means 
discussed so far. I would not reject seismology as out-of-hand and would like to pro- 
pose such an experiment with penetrators. I have the impression that penetrators are 
considered difficult, impractical and unpopular for several reasons. One difficulty 
is that if it is designed for the exploration of Mars, the penetrator requires consid- 
erable deceleration before it impacts the surface. Another is that it was designed to 
land under any circumstances, including the penetration of hard rock. And the third 
is that as soon as penetrators were named as a possible mode of planetary exploration, 
everybody raced to include their instrument on the package. Penetrators would be eas- 
ier to use in the case of a small asteroid because you wouldn't have to decelerate it 
in the first place, indeed you would have to accelerate it with a small reaction en- 
gine. Secondly, you ought to be able to choose a decent place where you would have 
some confidence i‘ would go into a regolith rather than hard rock. In the third place, 
you could exercise some discipline to keep the penetrator very simple; indeed it could 
contain nothing but a seismometer, the most practical thing to have on a penetrator. 

It seems to me that without making the mission ridiculously expensive, you could place 
seismometers in at least three different positions all around the surface of an aster- 
oid, and you could also hit it several times with active charges. Unlike the Moon or 
Mars, an active charge would be able to send shock waves entirely through a small as- 
teroid. In principle one could define the entire internal structure of it, determine 
the seismic velocities of the various units, and thereby learn some very important 
things from such an experiment that you could not get in any other way. This might 
actually be a practical option as long as you kept it simple and didn't start putting 
every experiment on Earth into the penetrator. 

MATSON: I agree with you. Even one seismometer and one charge on a small asteroid would 

give the velocity for the direct ray. 

ANDERS: What kind of asteroid would you pick? One whose surface shows evidence of differ- 
entiation or one that is big and apparently has a compositional ly primitive surface? 

WOOD: That would require more thought. I think I would prefer one that is obviously 

layered, like Vesta, ’•hat you expect to be layered. Something as big as Ceres would 
preclude the use of active sources to define the structure of the whole thing. 

VEVERKA: Wood is very interested in going to a small object and small objects tend to be 

irregular. How can you be sure without an elaborate imaging system on your penetrator 
that you are indeed going to be able to penetrate wherever you like? Is that a problem? 
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NIEHOFF: It depends on how close you can get before you launch the penetrator. We did a 

little bit of work on that about two years ago and it seems to me there was no problem. 
You definitely have to come close, but with rendezvous that is perfectly possible. 

WOOD: It is ii\y i ipression that a lot of the weight and a certain amount of the expense 

of a penetrator goes into a highly ruggedized device that is designed to penetrate 
hard rock for great distances at high speeds, and I really don't see the need for this 
on a regoMth-covered asteroid. 

NIEHOFF: The high velocity is used to be sure you don't bounce back out again. As the 

surface gels harder, that possibility becomes greater. If you bounce back, your'sys- 
tems won't be able to collect and send data. So a high impact speed is a necessity 
and really has nothing to do with the surface gravity of the object. 

FANALE: Let me be the devil's advocate. Tne penetrator alters the environment making it 
difficult to obtain a proper sample and its payload is small. There is an alternate 
which is the hard lander. It is something like 80 kg total with 12 kg of science in- 
stead of 7 kg and ii is much easier to deploy on the surface. The disadvantage is you 
have to couple it to the ground and we have not explored the possibility of coupling 
it reasonably with some kind of explosive device. 

NIEHOFF: An interesting hybrid of the two systems would contain the probe part of the 
penetrator for attachment and some kind of a surface package for actually performing 
the science, which gives you some relief in volume and power requirements. 

MORRISON: It appears clear that there is substantial interest in penetrators or rough 

landers for the asteroids, but that we do not have enough information to understand 
the costs or the tradeoffs that may be necessary to include them in a first mission. 

So let me change the subject again to Earth-approaching asteroids. Can Jim Arnold 
briefly summarize the results of his Summer Workshop for Near-Earth Resources? What 
was the final recommendation of that group regarding asteroid missions? 

ARNOLD: The bottom line was that an early program of missions to promising near-Earth 
asteroids should be undertaken. The view of the group was that if practical utiliza- 
tion of asteroid resources was possible, it would be from the Apollos and the Amors. 

ANDERS: What kind of objects were considered most desirable? 

ARNOLD: From the resource point of view, metal and water are the most desired resources. 

If the Moon is really as dry as everybody thinks it is, and since water is one of the 
things that human beings use, then carbonaceous chondritic material becomes very in- 
teresting. Also, the iron and nickel in some meteorites is more attractive than the 
10% iron in lunar rock. 

ANDERS: Would we be satisfied merely with remote sensing data? 

ARNOLD: If we were actually proposing some large-scale industrial use of these materials, 

no, certainly we would not be satisfied. As it was put by the tivo mining engineers 
present at that meeting, nobody digs a mine without samples. If you contrast the rela- 
tive cost of an exploratory sample return mission and a mining operation you will see 
that an exploratory mission is very modest. 

MORRISON: To go one step further, there would also need to be pilot manufacturing and 

mining between the initial sample return mission and the full-scale mining operation. 

SHOEMAKER: Another criterion is the effort it takes to get the material back to Earth 
orbit. The lowest aV objects you can find are attractive resources independent of 
their composition. Mass itself can be a valuable resource. 

WETHERILL: I don't think the reports endorsed missions to these objects per ae, but en- 

dorsed them in the context that if NASA decided to go into a resource program involv- 
ing asteroids, these are the types of things we should do first. That is quite differ- 
ent from possible recommendations from this group on a scientific ground. 

MORRISON: Having considered an array of instruments and their capabilities for remote 

sensing with a rendezvous mission, let us now discuss whether it would be responsible 
to advocate a remote sensing mission. Could we answer important scientific questions 
with the instruments we have seen? 

CHAPMAN: In this meeting we have had what I have found to be a very exciting discussion 
of scientific questions dealing with asteroid sciences. I think there is general 
agreement among the people in this room that asteroids, meteorites, comets, and small 
bodies are potentially very interesting objects. We have also had presentations that 
strike me as being nice steps toward designing a plausible asteroid mission based on 
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previous experience with other kinds of missions. I think there has been, however, 
a minimal amount of discussion about the link between those two. Granted asteroids 
are fascinating and Interesting and Important to study; granted that missions can be 
flown which make lots of measurements. The question you asked, “can a rendezvous mis- 
sion answer Important scientific questions?" has hardly been addressed at all. I think 
It Is very hard at present to address those questions In a reasonable way. We really 
don't know on the basis of ground-based data enough specifics about asteroids to de- 
fine very explicit measurements that will be guaranteed to answer questions. A decade 
ago we probably would not be putting this requirement on ourselves to establish specif- 
ic mission goals because at that time NASA was In the general exploratory mode of 
operat’on and we didn't really expect you would know a whole lot about a body before 
the first mission. Now most people are talking about what we can do next on Mars ana 
you kind of feel you ought to be very specific and really know where you are and what 
you have to do. We don't know that much about asteroids, so we cannot develop a 
detailed rationale for a mission based on a logical progression of reasoning that says 
you are going to answer these specific questions by going to an asteroid. 

MORRISON: I think that is an excellent point. It is asking too much to judge a first 

asteroid mission by the criteria we would use in going back to Mars or Venus. 

CHAPMAN: Before such a mission is launched one would want to do one's homework and specify 

in as great detail as you could what kind of experiments you could do that would ad- 
dress known questions. 

McCORD: I think we can ask these questions now. What is its composition? What is its 

structure? Does it have a regolith? What are the features on the surface? Aren't 
those the questions to be answered? 

ANDERS: Yes, but I also think some of these questions are more profound that others. I 
think it is almost a foregone conclusion the big asteroids have regoliths. I certain- 
ly agree with Chapman that we should try to pursue these questions and see just what 
we can do with the tools at hand. For instance, nobody has mentioned a Vi king- type 
mass spectrometer as a possible instrument to be sent to an asteroid. We should ask, 
is it feasible? Would we be interested in the results? Veverka made quite an impres- 
sive argument for the power of imaging. It is likely to turn up some surprises that 
will be quite interesting, and moreover is the only way to get some first-hand infor- 
mation on physical features and structure. Another step would be for us to begin 
making up a list of targets that we all agree on, that are likely to be interesting, 
no matter who of us is right. Ceres is obviously one. I think another one is a 
Hirayama family member. If you really want to look inside an asteroid, that is an 
obvious choice. A third one might be an asteroid with very low albedo, presumably 
more carbonaceous, more primitive than anything that reaches the Earth. Primitive 
matter of all kinds is of great interest in its own right. A fourth target would be 
asteroids that for dynamic reasons are very unlikely to deliver meteorites to Earth. 
That is, asteroids in the main belt with quite small eccentricity and inclination and 
far removed from resonances. This is just a beginning of a list. I am sure each of 
you can add several favorites to it. And maybe that is a good way to proceed; first 
to compile a list of targets, and then ask what experiments i.-.ake the most sense for 
each of these asteroids. 

MORRISON; I believe this is a good place to end this discussioi'. We all seem to agree 
on the desirability of a multi-asteroid rendezvous mission, and 1 find the scientific 
arguments presented here quite convincing. Clearly it is not the responsibility of 
this workshop to define a science payload or to select targets for a mission, but it 
is a useful exercise to consider these things. Tomorrow, we will try to summarize 
our position on all of these issues for the "Findings and Recommendations" section of 
this report. 
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